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iPREFACE
The work in this thesis was carried out in the Department of 
Nuclear Physics of the Australian National University, using the 2.2 
MeV Van de Graaff accelerator. Supervision was provided by Professor 
S. Bashkin of the University of Arizona during his stay as a Visiting 
Professorial Fellow and by Dr. H«, J. Hay of the Australian National 
University. This work makes use of a new technique of experimental 
atomic physicsi beam-foil spectroscopy. The beam-foil experimental 
program at the Australian National University was initiated subsequent 
to the arrival of Professor Bashkin.
Chapter 1 contains a brief description of the beam-foil 
spectroscopy technique and the need for the study of highly ionized 
atoms.
The basis of the experimental investigations described herein 
is the measurement of charge states of ions emitting spectral lines. 
Chapter 2 contains a review of some of the methods used for charge 
state assignment. These include experimental techniques using both 
non-beam-foil sources and beam-foil sources and methods based on 
empirical-theoretical considerations.
Chapter 3 contains a description of the theory of charge 
state measurment used in this experimental work. Equations are derived 
for the Doppler shift of spectral lines with various configurations of 
observational equipment. The Doppler broadening of lines, produced as 
a consequence of the high speed of the emitting ions is discussed; the 
Stark effect is also considered.
Experimental methods used in the measurements are described 
in Chapter 4. Special considerations about the wavelength range and
ii
the optical system are outlined,, Details concerning the most efficient 
transfer of light from the source to the detector are discussed. A new 
method for reducing the Doppler broadening is described. The 
experimental set-up described in this chapter was developed by 
Professor Bashkin, Dr. Hay and myself.
Chapter 5 covers the results of charge state measurements for 
lines from ions of nitrogen, carbon and neon. The nitrogen data was 
collected by Professor Bashkin, Dr. Hay and myself; the data analysis 
was shared between Professor Bashkin and myself. The carbon data was 
collected by Professor Bashkin, Mervyn Doobov and myself, the analysis 
was performed by me. The work on charge state measurements for neon 
ions was done primarily by me, with help from Mervyn Doobov. Results 
from tests using the new method of reducing the Doppler broadening are 
included in this chapter. This work was equally shared between myself 
and Mervyn Doobov, with later help from Dr. Hay and Carl Sofield.
An attempt to interpret the unidentified lines in the carbon 
and neon spectra is described in chapter 6.
Some of the work reported here has appeared in the following 
publications;
S. Bashkin and G.W. Carriveau
"Stark Effect in He II and H"
Physical Review A, J , 269, 1970.
S. Bashkin, G.W. Carriveau and H.J. Hay
"Charge Identification of Spectral Lines in Nitrogen"
Journal of Physics B, 4, 32, 1971.
G.W. Carriveau
"A Cooling Device for End-on Photomultipliers"
Journal of Physics E, 3, 929, 1970.
G.W. Carriveau and S. Bashkin
"Charge of Ions Emitting Spectral Lines"
Nuclear Instruments and Methods, £0, 203, 1970.
G.W. Carriveau, M.H. Doobov, H.J. Hay and C.J. Sofield
"Reduction of Doppler Broadened Line-widths in Beam-foil 
Spectroscopy"
Nuclear Instruments and Methods, to be published.
iii
GoW. Carriveau and M.H. Doobov
"Charge Assignment of Spectral Lines in Carbon and Neon" 
Proceedings of the Third Conference of European Group for 
Atomic Spectroscopy, Reading, England, 1971.
No part of this thesis has been submitted for a degree at any 
other University.
Gary W. Carriveau
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CHAPTER 1
INTRODUCTION .
1.1 GENERAL BACKGROUND
This thesis deals with the development of an experimental 
method for measuring the charge state of ions emitting spectral lines. 
The results of the measurements are used to augment atomic spectroscopy 
data from highly ionized atoms»
The history of atomic spectroscopy research extends over 
nearly a century, and is rich with successes» One may look back to 
1879 with the observation of regularities in atomic spectra [Li 79], 
follow through a burst of activity initiated by the birth of quantum 
theory and continue up to the renewed interest and sophisticated 
experiments of today. As in most fields of physics, great progress 
followed advances in theoretical interpretation and technological 
skills.
It is true that a great deal of work has been done, and 
atomic spectroscopy has an extensive background of established theory 
and experimental techniques. However, these achievements may obscure 
one important fact. Little is known about the structure of multiply 
ionized atoms. This is an area waiting for theoretical advances, after 
a mass of new data becomes available.
By using a new experimental technique, beam-foil spectroscopy, 
this problem can be attacked with additional resources. Beam-foil 
techniques enable the production of spectra, from highly ionized atoms 
and provide an independent means of measuring the charge state of the 
emitting ion. Moreover, the technique can be used in many cases to 
determine the mean lives of the excited electronic levels.
2The f i r s t  o b s e r v a t i o n s  i n  b e a m - f o i l  s p e c t r o s c o p y  were 
r e p o r t e d  by Kay and Bashk in  i n  1963 [Ka 63, Ba 64a]» W i t h i n  a few 
y e a r s ,  r e s u l t s  o f  measurem ents  were  b e in g  p u b l i s h e d  and h u n d r e d s  o f  
p a p e r s  have  now a p p e a r e d  i n  s c i e n t i f i c  j o u r n a l s o  The f i e l d  has  con­
t i n u e d  t o  expand and two i n t e r n a t i o n a l  c o n f e r e n c e s  have  been h e l d ;  i n  
November 1967 [BFS 67] and i n  June 1970 [BFS 70] .
1 .2  BASIS OF BEAM-FOIL SPECTROSCOPY
A beam o f  i o n s  o f  an e lem en t  o f  i n t e r e s t  i s  a c c e l e r a t e d  and 
made t o  p a s s  t h ro u g h  a t h i n  f o i l .  A f t e r  p a s s a g e  th rough  t h e  f o i l ,  t h e  
beam o f  i o n s  c o n t a i n s  a d i s t r i b u t i o n  o f  s t a t e s  o f  i o n i z a t i o n ,  and a 
d i s t r i b u t i o n  o f  e x c i t e d  e l e c t r o n i c  l e v e l s  w i t h i n  each  i o n i z a t i o n  s t a t e .  
S u b s e q u e n t l y ,  some atoms decay  r a d i a t i v e l y  back t o  t h e i r  g round s t a t e s ;  
t h e  r a d i a t i o n  i s  f rom i s o l a t e d  e m i t t e r s ,  s i n c e  d e - e x c i t a t i o n  by 
c o l l i s i o n s  be tw een  t h e  c o l l i m a t e d  beam p a r t i c l e s  i s  h i g h l y  im p r o b a b le .  
The s tu d y  o f  t h e  l i g h t  i s  t h e  main c o n c e r n  o f  b e a m - f o i l  s p e c t r o s c o p y .  
The phenomenon o c c u r s  w i t h  any i n c i d e n t  p a r t i c l e  so t h a t  one h a s  a 
method o f  s t u d y i n g  t h e  s p e c t r a  o f  v i r t u a l l y  a l l  e l e m e n t s  f o r  a l a r g e  
r a n g e  o f  c h a r g e  s t a t e s .
1 .3  EXPERIMENTAL SYSTEM FOR BEAM-FOIL SPECTROSCOPY
A t y p i c a l  e x p e r i m e n t a l  a r r a n g e m e n t  i s  shown i n  f i g u r e  1 . 1 .  A
beam o f  e n e r g e t i c  i o n s  i s  p roduced  i n  t h e  a c c e l e r a t o r ;  beam e n e r g i e s
may r a n g e  from t e n s  o f  keV t o  t e n s  o f  MeV„ The a n a l y z i n g  magnet
s e l e c t s  a beam o f  i o n s  w i t h  t h e  same r a t i o  o f  momentum t o  c h a r g e .  The
i o n s  may be s i n g l e  n u c l e i  o r  m o l e c u l a r  complexes .
The a n a l y z e d  beam p a s s e s  t h r o u g h  a t h i n  f o i l ,  t y p i c a l l y  
o
s e v e r a l  hund red  a n g s t r o m s  t h i c k .  The i n c i d e n t  beam i s  w e l l  c o l l i m a t e d ,  
so f o i l s  o f  low a to m ic  number a r e  g e n e r a l l y  used  t o  min imize  t h e  s p re a d
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4in directions from multiple coulomb scattering« This spread in direc­
tions is usually the dominant factor in setting the rather large lower 
limit for line widths obtained from beam-foil sources.
The time and place of excitation for all atoms in the beam is
-1 3the same, and occurs in a time less than 10 seconds within a dis­
tance of less than a few hundred angstroms« Complex ions are usually 
broken up, but the resulting beams of different particles are each 
travelling at the same constant speed (neglecting the small effects 
produced by variations in the accelerator voltage and by energy losses 
in the thin foil)« The time history of the particles can be studied by 
relating it to the distance travelled down-stream from the foil.
The pressure within the target chamber must be very low
otherwise collisions with residual gas atoms could permit non-radiative
decay, could excite further ionization of the beam particles, and excite
radiation from the residual gas itself. An important consequence of
the low pressure associated with the system is that a detector can be
coupled directly to the system to allow measurements in the extreme
ovacuum-ultraviolet region« Measurements down to 150 A have been made 
[He 67] and soft X-ray detection has been reported [Ma 70].
Another advantage is that the source environment is at room 
temperature and zero electrical potential. As a consequence, one is 
able to introduce static electric or magnetic fields [Fi 68] or time 
dependent fields [Ha 69]«
The type of spectrographic equipment used to detect the 
radiation and the angle of observation with respect to the beam direc­
tion can be chosen for greatest suitability to the kind of measurement 
to be made. The two most common geometrical arrangements have been the 
'side-on* configuration [Ba 64] and the 'end-on* configuration [Ba 67, 
Jo 68], where the beam is viewed perpendicular to and along its axis
r e s p e c t i v e l y ,  a l t h o u g h  o t h e r  a n g l e s  o f  o b s e r v a t i o n  h a v e  b e e n  u s e d  
[De 69 ,  P i  6 9 ] .
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1 . 4  NEW LINES OBSERVED WITH THE BEAM-FOIL SOURCE
B e a m - f o i l  e x p e r i m e n t s  h a v e  b ee n  p e r f o r m e d  o v e r  a l a r g e  e n e r g y  
r a n g e  u s i n g  o v e r  f o r t y  e l e m e n t s ,  f rom  h y d r o g e n  t o  uran ium« I n  a l l  
s p e c t r a ,  e x c e p t  t h a t  o f  H, l i n e s  h a v e  b ee n  o b s e r v e d  w h i c h  do n o t  c o r ­
r e s p o n d  w i t h  known c a t a l o g u e d  l i n e s .  T h e s e  u n i d e n t i f i e d  l i n e s  a r e  s e e n  
i n  t h e  w a v e l e n g t h  r a n g e  f r om  t h e  v i s i b l e  t o  t h e  u l t r a v i o l e t .  They a r e  
n o t  n e c e s s a r i l y  weak and a r e  i n  many c a s e s  t h e  most  i n t e n s e  and 
n um ero us  i n  t h e  s p e c t r a .  C o n v e r s e l y ,  l i n e s  w h i c h  a r e  s e e n  s t r o n g l y  
f r o m  o t h e r  s o u r c e s  may be  weak o r  n o t  s e e n  f r om  a b e a m - f o i l  s o u r c e .  
M e a s u r e m e n t s  on n e o n  a r e  p r e s e n t e d  i n  C h a p t e r  5; a t  l e a s t  o n e - t h i r d  o f  
t h e  o b s e r v e d  l i n e s  do n o t  c o i n c i d e  w i t h  known t r a n s i t i o n s .
The p r o d u c t i o n  o f  u n i d e n t i f i e d  l i n e s  i s  n o t  u n i q u e  t o  t h e  
b e a m - f o i l  s o u r c e .  P r e v i o u s  s t u d i e s  o f  s p e c t r a ,  u s i n g  many d i f f e r e n t  
m e th o d s  o f  e x c i t a t i o n ,  h a v e  l e f t  l i n e s  u n i d e n t i f i e d  i n  b o t h  t r a n s i t i o n  
and c h a r g e  s t a t e .  F o r  e x a m p l e ,  a c o m p i l a t i o n  o f  t h e  n eo n  s p e c t r a  
[S t  68]  c o n t a i n s  a l i s t  o f  n i n e t y - n i n e  e n t r i e s ,  w i t h  o v e r  o n e - h a l f  
h a v i n g  an  unknown c h a r g e  s t a t e .  The r e s u l t s  p r e s e n t e d  i n  C h a p t e r  5 
i n c l u d e  m e a s u r e m e n t s  o f  t h e  c h a r g e  s t a t e  f o r  many o f  t h e s e  l i n e s .
1 . 5  POSSIBLE SOURCES OF UNIDENTIFIED SPECTRAL LINES
By c a l c u l a t i n g  d i f f e r e n c e s  b e t w e e n  known t e r m  v a l u e s  i n  t h e  
l e v e l  scheme o f  an  a t o m ,  p r e d i c t i o n s  o f  w a v e l e n g t h s  ca n  be  made,  b o t h  
f o r  a l l o w e d  and f o r b i d d e n  t r a n s i t i o n s .  I n  some i n s t a n c e s ,  w a v e l e n g t h s  
o f  o b s e r v e d  l i n e s  c o r r e s p o n d  t o  t h e s e  c a l c u l a t e d  l i n e s .  E xam ples  o f  
t r a n s i t i o n s  i n  neon  and c a r b o n  a r e  d i s c u s s e d  i n  C h a p t e r  6.
6I n  most c a s e s ,  no t e rm s  a r e  known i n  t h e  e ne rgy  l e v e l  scheme 
o f  t h e  atom which  can  be used  t o  p r e d i c t  w a v e l e n g t h s  c o r r e s p o n d i n g  t o  
t h e  new l i n e s »  The s i t u a t i o n  may be s im p ly  t h a t  such sys te m s  have no t  
been s t u d i e d  w e l l  enough t o  accommodate t h e  new l i n e s  and more e x p e r i ­
m en ta l  d a t a  i s  needed ,  The e n e rg y  l e v e l  schemes o f  a toms i n  a l l  s t a g e s  
o f  i o n i z a t i o n  need t o  be known b e f o r e  c om pa r i sons  o f  t h e  new l i n e s  w i t h  
p r e d i c t e d  s p e c t r a l  l i n e s  can  be completed» U n f o r t u n a t e l y ,  t h e  measured 
w a v e l e n g t h s  i n  most  b e a m - f o i l  work a r e  no t  o f  s u f f i c i e n t  a c c u r a c y  t o  be 
used  f o r  r e a s o n a b l e  c a l c u l a t i o n  o f  e ne rgy  l e v e l s «  T h i s  i s  b e c a u s e  o f  
t h e  r e l a t i v e l y  l a r g e  r a t i o  o f  t h e  r a d i a t i n g  p a r t i c l e  speed  t o  t h e  speed  
o f  l i g h t ,  c a u s i n g  p rob lem s  a s s o c i a t e d  w i t h  e i t h e r  l a r g e  Dopp le r  s h i f t s  
o r  D opp le r  b roade ne d  l i n e  w i d t h s  ( s e e  S e c t i o n  3 . 3 ) .
In  some a to m ic  sys te m s  t h e  l e v e l  scheme i s  w e l l  e s t a b l i s h e d ,  
f o r  example He and Li» Even so ,  t h e i r  s p e c t r a  c o n t a i n  s e v e r a l  l i n e s  
t h a t  c a n n o t  be a s s i g n e d  t o  t h e  normal  scheme [Be 71, An 7 1 ] .
T h e o r e t i c a l  c a l c u l a t i o n s  have s u g g e s t e d  t h a t  t h e s e  l i n e s  may o r i g i n a t e  
f rom l e v e l s  i n  which  more t h a n  one e l e c t r o n  i s  e x c i t e d  [Di 70,  Ho 67]» 
Com pari sons  be tween  e x p e r i m e n t a l  and t h e o r e t i c a l  v a l u e s  f o r  w a v e l e n g t h  
and l i f e t i m e  g e n e r a l l y  g i v e  good ag reem en t  bu t  gaps do e x i s t  i n  t h e  
d a t a .
Added t o  t h e  l a c k  o f  e ne rgy  l e v e l  i n f o r m a t i o n  i s  t h e  f a c t  
t h a t  t h e  b e a m - f o i l  e x c i t a t i o n  mechanism i s  p o o r ly  u n d e r s t o o d .  T he re  
e x i s t s  no e s t a b l i s h e d  t h e o r y  and c o m p a r a t i v e l y  l i t t l e  e x p e r i m e n t a l  d a t a  
on which  t o  b a s e  p r o p o s a l s .  The b e a m - f o i l  s o u r c e  has  a v e r y  low 
d e n s i t y  a s  compared t o  o t h e r  s o u r c e s .  T h i s  may enhance  t h e  p r o b a b i l i t y  
o f  o b s e r v i n g  f o r b i d d e n  t r a n s i t i o n s  n o t  s e e n  i n  o t h e r  s o u r c e s .  Some 
i n f o r m a t i o n  on u n i d e n t i f i e d  l i n e s  i n  t h e  b e a m - f o i l  s o u r c e  has  been 
o b t a i n e d .  Namely, t h e  de c ay  t im e  o f  e x c i t e d  l e v e l s  and t h e  i o n i z a t i o n  
s t a g e  i n  which  t h o s e  l e v e l s  a r i s e .  The decay  t im e  r e s u l t s  show t h a t
7they are generally of the same order of magnitude as those of 
identified transitions [Ba, 70b] „
More information about energy levels, multiply excited atoms 
and the beam-foil excitation mechanism is needed before the origins of 
unidentified lines can be determined» The measurement of the charge 
state of the ions emitting these spectral lines provides fundamental 
information towards establishing their identity»
8CHAPTER 2
REVIEW OF CHARGE ASSIGNMENT METHODS
2.1 INTRODUCTION
Most spectral sources produce radiation from a distribution 
of ionization states; a specific type of source being designed for a 
specific purpose. The spectra of neutral atoms will be referred to as 
spectra of the first order and designated by a Roman numeral I.
Spectra from ions are referred to as spectra of the second, third, 
fourth, etc., order and designated by Roman numerals II, III, IV, etc.
While it is possible to design a source to emit radiation 
from neutral atoms only, in general a distribution of ionization states 
is formed, as evidenced by the observation of the spectra of the second 
and higher orders from all types of sources» In some cases the dis­
tribution is very complex and more than fifteen different species of 
ionized states may be present [Gr 67, Vo 63, Za 62, Dm 65]» Figure 2»1 
illustrates the charge distribution produced by passing a beam of 
single charged oxygen ions through a thin carbon foil [Sm 68]» Similar 
work has been done with carbon, nitrogen, argon and iron [Sm 69a] and 
helium [Sp 69]. The results of these measurements clearly demonstrate 
that the distribution of ionic states is dependent on the energy of the 
penetrating particle, and that charge state equilibrium can be accom­
plished with a thin foil. Foils with thicknesses of a few hundred 
angstroms are adequate,, the thicker the foil the greater is the degrad­
ation in the collimation of the beam. Charge state equilibrium does 
not imply equilibrium in the relative population of different magnetic 
sub-levels. In Stark effect observations from He and H, under- 
population of high j levels was indicated [Ba 70]»
9♦ 2
0 MeV
Fig. 2.1: Charge distribution of oxygen ions following transmission of
1 MeV 0+ ions through a thin carbon foil [Sm 68].
Tabulations of equilibrium charge distributions have been 
compiled [for example Ma 68]. By choosing particles of the appropriate 
energy highly ionized species are produced, in most cases at energies 
available with a Van de Graaff accelerator.
One good starting point for sorting out the spectra from any 
source is the independent determination of contributing charge states. 
In the remainder of the chapter various methods for accomplishing this 
will be discussed. The methods will be separated into three groups: 
non-beam-foil sources, beam-foil sources, and theoretical-empirical 
methods. There is no implication that the number of methods discussed
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is complete; those methods outlined are considered by the author to be 
most commonly used.
2.2 NON-BEAM-FOIL SOURCE METHODS
Several methods have been used to determine charge states of 
ions from data taken with classical spectral sources. By choosing the 
correct furnace temperature a spectrum from neutral atoms only may be 
produced [Ki 24]. With spectrum measurements from other sources such 
as Geissler tubes and arc and spark sources, it is possible to distin­
guish between spectral lines from different states of ionization by 
altering the characteristics of the electrical discharge [Di 61] and 
studying variations in line intensity.
Charge state assignments can also be made by studying the 
change in intensity as a function of the electrical discharge 
parameters in plasma sources [Bo 63].
There are several additional techniques used to assign charge 
states to ions that have been developed primarily for plasma sources. 
Excitation of the spectral lines is studied both temporally during the 
current pulse and spatially within the plasma [Ka 60, Fa 61]. Another 
method entails the study of the amount of Doppler broadening of lines 
from different states of ionization [Ka 60]» A later method, used with 
a high current discharge assembly, identifies the states of ionization 
by comparing the intensities of the spectral lines as a function of the 
relative concentration of the gas under study [Go 68]»
Very high density plasmas are produced when a high power 
laser is focused on to a solid target. The heating phase is extremely 
brief and successive stages of ionization behave differently during 
this phase, lower stages radiating at larger distances from the target. 
Spectra with spatial resolution can be used to separate different 
charge states [Ga 70].
n2.3 BEAM-FOIL SOURCE METHODS
There are two methods of charge state assignment that employ 
the beam-foil source. The first, like the techniques outlined 
previously, gives results that are indicative to the appropriate 
ionization state, whereas the second method actually measures the ionic 
charge.
The first method was proposed by Kay [Ka 65], and involves 
observing the variation of the intensity of a spectral line as a func­
tion of the beam energy, i.e. the 'excitation function'. By comparing 
excitation functions with those of known lines, the ionization states 
of unknown spectral lines may be determined. The basis of this method 
is entirely experimental and no claim is made that it can be applied in 
all cases [Ka 66].
Charge fraction dependence on energy, in the region of charge 
state equilibrium, is known; however, the energy dependence of the 
population of levels is not understood. Beam-foil results indicate 
that there may be unequal population of sublevels (see section 2.1). 
Regular variations in intensity produced by changes in beam velocity 
have been observed but reports indicate that the dependence with beam 
energy of lines arising from the same known charge state differ from 
line to line [Be 70, Bi 70]. Also multiply excited levels show excita­
tion functions similar to singly excited levels in the next ionization 
stage. The method suggests, but does not measure the charge state; 
therefore one should cautiously apply this technique.
The second method, using the beam-foil source, is to send the 
luminous beam through an applied electric (or magnetic) field so as to 
separate the paths of particles with different charges. Spectroscopic 
studies of the light from the fully separated paths can provide an 
unambiguous identification of the state of ionization with which lines
are associated.
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S e v e r a l  a u t h o r s  h a v e  d e s c r i b e d  e x p e r i m e n t s  o f  t h e  c h a r g e  
s e p a r a t i o n  t y p e .  The f i r s t  s u c h  p a p e r  [Ma 6 5 ] ,  i n  w h ic h  o b s e r v a t i o n s  
w e r e  made n o r m a l  t o  t h e  p l a n e  o f  t h e  s p l i t  beam,  d e p e n d e d  d i r e c t l y  on 
t h e  s p a t i a l  s e p a r a t i o n  o f  t h e  t r a j e c t o r i e s  o f  t h e  i o n s  o f  d i f f e r e n t  
c h a r g e .  F i g u r e  2 . 2  shows a p o r t i o n  o f  t h e  s p e c t r u m  o f  1 MeV N^. The 
t o p  p h o t o g r a p h  shows t h e  u n d e f l e c t e d  beam and t h e  o n e  on t h e  b o t t o m  
shows e a c h  l i n e  s p a t i a l l y  s e p a r a t e d  a s  a  f u n c t i o n  o f  c h a r g e  s t a t e .
N o t e  t h a t  u n l e s s  t h e r e  i s  a c l e a r  s e p a r a t i o n  o f  t h e  t r a j e c t o r i e s ,  t h e  
r e s u l t s  o f  t h e  c h a r g e  s t a t e  m e a s u r e m e n t s  a r e  am b i g u o u s .
The s e c o n d  work  [ F i  68b] em ployed  t h e  s u g g e s t i o n  [Tr 68] t h a t  
d i f f e r e n t i a l  D o p p l e r  s h i f t s  o c c u r  i n  s p e c t r a l  l i n e s  when t h e  p a r e n t  
i o n s  w e r e  d e f l e c t e d  i n  t h e  t r a n s v e r s e  e l e c t r i c  f i e l d .  I n  t h i s  e x p e r i ­
m e n t ,  o b s e r v a t i o n s  w e r e  made i n  t h e  p l a n e  o f  t h e  s p l i t  beam. The 
l e n g t h  o f  t h e  s p e c t r o g r a p h  e n t r a n c e  s l i t  was a l i g n e d  p a r a l l e l  t o  t h e  
r a d i a t i n g  beam so  t h a t  l i n e s  e x p o s e d  on t h e  p h o t o g r a p h i c  p l a t e s  w ould  
be  s l a n t e d  b e c a u s e  o f  t h e  D o p p l e r  s h i f t s  ( f i g u r e  2 . 3 ) .  C h a r g e  a s s i g n ­
men t  c a n  be  made i n  t h e  c a s e s  w h e r e  t h e  s l o p e  o f  t h e  image  o f  t h e  s l i t  
c a n  be  m e a s u r e d .
The c i t e d  e x p e r i m e n t s  u s e d  p h o t o g r a p h i c  p l a t e s  a s  t h e  f i n a l  
d e t e c t o r .  T h e r e  a r e  v a r i o u s  r e a s o n s  why p h o t o m u l t i p l i e r  d e t e c t i o n  i s  
t o  be  p r e f e r r e d  ( s e e  C h a p t e r  4 ) .  B e c a u s e  o f  t h e  v a r i a t i o n s  i n  p o p u l a ­
t i o n  o f  d i f f e r e n t  l e v e l s  i t  i s  n o t  p o s s i b l e  t o  o b t a i n  a c o r r e c t  
e x p o s u r e  f o r  a l l  l i n e s  i n  t h e  s p e c t r u m  w i t h  a s i n g l e  e x p o s u r e .  B l u r ­
r i n g  o f  o v e r e x p o s e d  l i n e s  r e d u c e s  t h e  a c c u r a c y  w i t h  w h i c h  t h e  s p a t i a l  
s e p a r a t i o n  o r  t h e  s l o p e s  o f  t h e  l i n e s  c a n  be  m e a s u r e d .  I t  i s  d i f f i c u l t  
t o  u s e  p h o t o g r a p h i c  d e t e c t i o n  i n  t h e  e x t r e m e  v a c u u m - u l t r a v i o l e t  r e g i o n .
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2 o4 THEORETICAL-EMPIRICAL METHODS
In most cases the following methods are a mixture of 
theoretical and empirical considerations» Only in very simple systems 
is it possible to calculate, using the principles of quantum mechanics, 
the exact level scheme of an atom and therefore the wavelengths of 
transitions. However, in many cases, striking similarities were 
observed in the spectra of atoms and ions which have similar electron 
configurations. The spectra of the alkali atoms contain lines very 
similar to the spectrum of hydrogen except that those from the alkali 
atoms are displaced towards longer wavelengths.
Not only did the spectra of alkali atoms show similar series 
but it was observed that spectra from alkali-like ions were very 
similar to the alkali spectra [Pa 23, Fo 23]. This was found to be 
true for other non-alkali spectra. An isoelectronic sequence consists 
of atoms having the same number of extranuclear electrons but different 
nuclear charge and mass. The relationships in the isoelectronic atom 
systems are of great interest for the practical analysis of spectra, 
for the description of experimental results and for the extrapolation 
of such results.
Moseley diagrams are made by plotting the square root of the 
term values as a function of atomic number. In this way, isoelectronic 
sequences fall on nearly straight lines. The slope of a line depends 
on the principal quantum number, n (figure 2.4). Points corresponding 
to the same principal quantum number but different angular momentum 
quantum numbers, L, lie on parallel lines. By interpolation or extra­
polation along these lines, term values of highly ionized atoms can be 
predicted, enabling calculation of the wavelengths of possible 
transitions in these atoms [Ed 64].
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Another approach used to predict wavelengths is based on the 
nearly parallel nature of the lines in a Moseley diagram. As a result, 
differences between the square roots of term values having the same n 
and different L are nearly constant. This is known as the irregular 
doublet law. The significance of this law is that the difference 
between term values for the same n is very nearly a linear function of 
the atomic number (figure 2.5). This provides a much simpler and more 
direct method of spectral analysis because one deals with the 
differences, i.e. the inverse of the observed wavelength, instead of 
the term values themselves.
(a) 3d-4p 3d-3d 4p
(b) 4s-4p
3d4p-3d4d 3d/4p-3d/4d 3d34p-3d34d©  4p-4d
Fig. 2.5: Contrast the irregular-doublet law, transitions (b) and (c)
where An = 0, with transitions (a) where An = 1 [Wh 34].
A third method is based on patterns in spectra from the same 
atom in different states of ionization. It was observed [Wh 34] that 
certain groups of spectral lines associated with different states of
18
ionization are displaced by approximately equal frequency intervals.
As for isoelectronic sequences, plotting term differences as a function 
of Z produces straight lines for transitions in which the principal 
quantum number does not change.
2.5 LIMITATIONS OF METHODS
There are several problems associated with the above methods 
of extracting charge states. Changing the characteristics of the 
electrical discharge can in some cases give an indication of charge 
state assignment but is not a direct measurement. Also the data are 
usually collected on photographic plates and it may be difficult to 
obtain good quality intensity data. Separating the contributions from 
overlapping spectral lines, when the components arise from ions in 
different stages of ionization, can be hard.
The procedures which use the study of spatial changes in 
intensity and compare Doppler broadening of lines may be hindered 
because of instrumental or other types of line broadening.
There have been successful applications of the method of 
changing the relative concentration of the gas and studying the change 
in intensity. However, the assignments were possible only when high 
stages of ionization were studied and could not be made for the lower 
order spectra.
There are some problems with the theoretical-empirical 
methods discussed. The main difficulties are that for some atoms there 
is so much data that it is a formidable task to analyze all the avail­
able terms and transitions, even when using computer techniques, and 
for other atoms, notably very highly ionized ones, there is a scarcity 
of term information. In many cases the tabulations of energy levels 
derived from experimental results [Mo 49, Wi 66] include uncertainties
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in the level energies which propagate in the interpolation or extrapol­
ation for wavelengths» Thus the predictions from these terms allow 
only an approximate location of the spectral line» A further 
discussion of this point is found in Chapter 6»
Finally, considering the successes and failures of the 
methods, it must be noted that the problems apply in varying degrees to 
all sources, beam-foil included. No one method is clearly superior.
2.6 AN IMPROVED METHOD OF CHARGE STATE MEASUREMENT
The two beam-foil methods [Ma 65, Fi 68b] observe the charge 
state using charge separation, but are limited in their application due 
to the need for complete spatial separation of the beam or difficulties 
with the mode of detection. The transverse Doppler shift method does 
not need complete separation and with a more versatile method of detec­
tion allows the above limitations to be largely overcome. A detailed 
discussion of the development of experimental charge state measurements 
using differential Doppler shifts and photoelectric detection will be 
presented in the next two chapters.
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CHAPTER 3
THEORETICAL FOUNDATION FOR DOPPLER SHIFT MEASUREMENT 
AND DOPPLER BROADENING REDUCTION
3-1 INTRODUCTION
A method which provides a direct measurement of charge states 
will be discussed in this chapter- Most methods mentioned in the 
previous chapter give an indication of the charge state by correlating 
the results of several experiments; they rely on self consistency and 
deductive reasoning- The method of transverse Doppler shift described 
here is shown to be simple and direct. The difference of two similar 
observations gives the charge state. By observing the beam at 90°, the 
closest wavelength for line ’identification' is obtained.
3.2 TRANSVERSE VELOCITY COMPONENT
The geometry of this method is indicated in figure 3.1.
After passage through the foil, the radiating beam of particles passes 
between two parallel metal electrodes. In this space a nearly uniform 
field of up to 80 kV/cm can be maintained, with its direction transverse 
to the original ion beam direction.
As an ion passes through the electric field it experiences a 
force proportional to the field, 6, and the charge of the ion, q. For 
an ion, of mass m, which has spent a time t in a uniform field, the 
transverse velocity component becomes
a_£ (3.1)
As pointed out in Chapter 1, the beam particles all follow
virtually parallel paths at nearly the same high speed Vq = V2E/m,
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h e n c e  t h e  t i m e  a f t e r  p a s s i n g  an y  p l a c e  a l o n g  t h e  beam i s  s i m p l y  r e l a t e d  
t o  t h e  d i s t a n c e  t r a v e l l e d  f r o m  t h a t  p l a c e «  The t r a n s v e r s e  v e l o c i t y  
compo nen t  c a n  t h e r e f o r e  be  w r i t t e n
q £ d q £ d
mV v2mE
( 3 . 2 )
w h e r e  d i s  t h e  d i s t a n c e  t r a v e l l e d  i n  t h e  e l e c t r i c  f i e l d ,  and E i s  t h e  
k i n e t i c  e n e r g y  o f  t h e  i o n .
I n t e g r a t i o n  o f  e q u a t i o n  ( 3 . 2 )  g i v e s  t h e  t r a n s v e r s e  d i s p l a c e ­
ment o f  a beam c o m p o n e n t ;
,2
y 2 . 5  X 10
q £ d"
cm ( 3 . 3 )
w h e r e  q i s  t h e  number  o f  e l e c t r o n  c h a r g e s  on t h e  i o n ,  £ i s  i n  kV/cm, d 
i s  i n  cm, and E i s  i n  MeV. T h i s  i n d i c a t e s  t h a t  t h e  s e p a r a t e d  com­
p o n e n t s  f o l l o w  d i f f e r e n t  p a r a b o l i c  p a t h s ,  e x c e p t  f o r  t h e  n e u t r a l  
com ponen t  w h ic h  i s  u n a f f e c t e d  by t h e  d e f l e c t i n g  f i e l d .
3 . 3  DOPPLER SHIFT
F i g u r e  3 . 2  i l l u s t r a t e s  a v e l o c i t y  v e c t o r  d i a g r a m  an d  t h e  
r e l a t e d  q u a n t i t i e s  u s e d  t o  d e r i v e  an  e q u a t i o n  f o r  t h e  D o p p l e r  s h i f t .
I n  t h i s  f i g u r e  i s  t h e  u n d e f l e c t e d  beam v e l o c i t y  and V i s  t h e  
d e f l e c t e d  beam v e l o c i t y .
Assume t h e  i o n  i n  q u e s t i o n  i s  f o l l o w i n g  a p a t h  c o r r e s p o n d i n g  
t o  t h e  d i a g r a m  w i t h  a v e l o c i t y  ' V* - At some t i m e  ' t 1 i t  i s  t r a v e l l i n g  
a t  a s m a l l  a n g l e  a  w i t h  r e s p e c t  t o  t h e  u n d e f l e c t e d  beam. The r a d i a t i o n  
f rom t h e  i o n  may be  v i e w e d  a t  an y  a n g l e  w i t h  r e s p e c t  t o  t h e  u n d e f l e c t e d  
beam d i r e c t i o n ;  i n  t h e  f o l l o w i n g  i t  i s  v i ew e d  a t  9 0 ° .  The w a v e l e n g t h  
o f  t h e  r a d i a t i o n  o b s e r v e d ,  f o l l o w i n g  t h e  t h e o r y  o f  t h e  D o p p l e r  s h i f t  
[ Jo  61 ] i s
= Aq 7 (1  - ßcos\j/)A ( 3 . 4 )
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Fig. 3.2: Velocity diagram.
2where ß = V/c and 7 = (1 - ß ) 2, Aq is the wavelength in the rest 
frame, and \Jr is the angle between-the beam direction and the direction 
of observation. Since a + = 90°, equation (3.4) may be re-written as
A = A 7(1 - ßsina) 
o
For small angular deflections of the beam, ßsino = V,^/c, and using 
equation (3.2), we obtain
A = A 7o
I q s d
c i/2mE (3.5)
Hence the change in wavelength when the electric field is applied is
AA = A - A o A 7o
q 6' d 
c/2mE + A (1o 7) • (3.6)
Equation (3.4) predicts a maximum Doppler shift in wavelength 
for the end-on configuration and a minimum shift when the beam is 
viewed side-on. For side-on observation, at exactly 90°, there is a 
slight shift (of the order of tenths of an angstrom) because of the 
term A (1 “ 7)* However, since the value of ß for beam-foil experiments 
is below 10 \  7 is almost unity, so equation (3.6), for practical use,
becomes
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~  = 2.32 X |0"5A
q & d
JÄE (3.7)
where q is the number of electron charges, <S is in kV/cm, d is in cm, A 
is in atomic mass units and E is in MeV,
Because q is an integer, this equation shows that the 
Doppler shifts will be 'quantized'. The other quantities are distances, 
energies and voltages which can be estimated independently from any 
spectroscopic observation.
Evaluation of equations (3.7) and (3.3), for reasonable 
experimental conditions, shows the feasibility of the transverse 
Doppler shift method. Assuming an electric field of 70 kV/cm, a dis­
tance of 1.7 cm and a mass-energy product of 20, equation (3.7) 
predicts
^7 = 6.1 X 10“4 q . (3.8)A
oFor radiation of wavelength 2000 A from a singly ionized atom,
othis gives a shift in wavelength, AA, of 1.2 A. Even though line 
widths from beam-foil sources may be several times this shift, for 
strong or isolated lines such a shift is easily measurable. For the 
same experimental conditions, equation (3.3) predicts a transverse dis­
placement less than 0.5 mm for q = 1. Hence, for a 2 mm diameter beam 
there will not be spatial separation of the beam components. The 
estimates from (3.8) show that separation is not essential for charge 
state measurements.
By reversing the deflecting field, the direction of the wave­
length shift is reversed. Applications of this can allow separation of 
overlapping lines from different charge states. It also provides 
additional data for each spectral line, which is useful in confirming 
the presence of weak lines, and in any case helps to eliminate minor 
uncertainties due to field non-uniformity, field fringing effects,
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v a r i a t i o n  o f  a c c e l e r a t o r  v o l t a g e s ,  e t c .  These  u n c e r t a i n t i e s  a f f e c t  t h e  
v a l u e s  used i n  e q u a t i o n  ( 3 . 7 )  f o r  6 ,  d,  and E, and a r e  n o t  p a r t i c u l a r l y  
i m p o r t a n t  b e c a u s e  t h e  measured  c h a rg e  must be i n t e g r a l  ( s e e  f i g u r e s  4 . 9  
and 4 . 1 0 ) .
3 . 4  DOPPLER BROADENING
One s e r i o u s  c onseque nc e  o f  v iew ing  t h e  b e a m - f o i l  s o u r c e  
r a d i a t i o n  a t  90° i s  t h e  l a r g e  Dopp le r  b r o a d e n i n g  o f  t h e  s p e c t r a  l i n e s  
[Ba 6 8 ] .  F i g u r e  3 .3  i l l u s t r a t e s  how t o  e s t i m a t e  t h e  m agn i tude  o f  t h e  
b r o a d e n i n g .
FOIL
F i g .  3 . 3 :  Diagram i l l u s t r a t i n g  a c c e p t a n c e  a n g l e  and r a y  t r a c i n g  f o r
Dopp le r  b r o a d e n i n g  o f  s p e c t r a l  l i n e s .
L i g h t  e m i t t e d  i n  t h e  d i r e c t i o n  ' a b ' ,  a t  0 t o  t h e  mean d i r e c ­
t i o n  o f  v iew ,  i s  f o c u s e d  t o  t h e  e n t r a n c e  s l i t  o f  t h e  monochromator .
I t s  w a v e l e n g t h  i s
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A yo ßcos (3.9)
where 0 is half the maximum acceptance angle set by the relative aper­
ture of the lens of the monochromator. The difference in wavelengths 
between the extreme rays 'ab1 and 'ac' is therefore
AA = 2A 7 ßsin0 (3.10)o
° , oe.g. for A = 2000 A, ß = 0.01, and aperture f/4, then AA = 5 A. For a
spherical lens aperture, the width at half maximum intensity (FWHM) of
a line will be approximately 73/2 of this value. Because of this
broadening, a spectrometer capable of an instrumental line-width of a 
ofew tenths of an angstrom may be unable to resolve lines several 
angstroms apart. However, the spectrometer slits may be opened to allow 
more light to pass to the detector without sacrificing the resolution 
further.
The Doppler broadening just discussed is a consequence of the
high speed of the collimated beam and the wide angular range from which
light may be accepted. It is quite different from the Doppler width of
spectral lines from other sources which is due to the random motions of
the radiating atoms. However, for the sake of comparison, the Doppler
owidth of the H line at room temperature is 0.09 A while the amount ofa
Doppler broadening in an average side-on beam-foil system may be some 
two orders of magnitude greater.
3.5 REDUCTION OF DOPPLER BROADENING
There are two obvious methods of reducing the broadening that 
are suggested by equation (3.10). Firstly, the velocity of the ion, 
and thus ß, may be reduced. However, the charge state fractions 
produced in the beam-foil source are energy dependent. Consequently, 
reduction of the beam energy may decrease the amount of a particular
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ion to a degree where there is insufficient population of the level 
under study» Also, reduction of the beam energy increases the multiple 
scattering in the foil, thus impairing the collimation of the beam. 
Multiple scattering at the source foil produces a beam with a distribu­
tion of directions, tending towards Gaussian, about the original beam 
direction. This gives a distribution of wavelengths (described by a 
relation similar to equation (3»10)) which will set a lower limit to a 
beam-foil line shape, no matter what optical methods are adopted for 
reducing the width [Ka 71]»
Secondly, a reduction in the acceptance angle by decreasing 
the aperture of the coupling lens decreases the Doppler broadening» 
Reduction of the acceptance angle is accompanied by a corresponding 
decrease in illumination presented to the monochromator from an already 
weak source.
Less obvious deductions from equation (3.10) suggest three 
additional methods»
The range of angles from which light is accepted by the mono­
chromator can be reduced to those defined by the slit width/focal dis­
tance (virtually Q = 0 in equation (3.10)) by placing the transfer lens 
so that its focal plane is at the entrance slit. This method, the 
'parallel light method', has been tried and is treated in Chapters 4 
and 5.
The spherical coupling lens can be replaced by two cylind­
rical ones» To reduce Doppler broadening these should be positioned 
and oriented so that there is a large acceptance angle in a plane per­
pendicular to the beam, and a small acceptance angle in a plane 
parallel to the beam» This method has been used by Kay and co-workers
[Ka 70].
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Another method, first proposed by Hay [Ha 70], treats the 
beam-spectrometer system as a single unit which is focused to take 
account of the characteristics of the beam-foil source. The relation 
between the wavelength and direction of light from the source leads to 
a correlation between the wavelength and the position at which the 
light falls on the dispersive element of the spectrometer» This cor­
relation is equivalent to adding a weak cylindrical lens to the disper­
sive element. For a plane grating monochromator in the side-on 
configuration using unit magnification, the focal length of the lens is
F cos(0 + 0)
f = ~ ---- -— r— - (3.11)2ß cos0 sin0 c
where F is the focal length of the collimator and 20 is the constantc
deviation at the grating, rotated by 0 for the wavelength observed.
The Doppler broadening due to the finite aperture of the optical system 
can be cancelled by refocusing the system. This may be accomplished by 
changing either slit-collimator separation by an amount
i = F2/f (3.12)
or by changing both slit-collimator separations by i/2. Alternatively, 
a cylindrical lens may be added at a convenient place in the optical 
path.
This method could not be tried readily with the McPherson 218 
spectrometer because of its construction. The method has, however, 
been used successfully by Stoner and Leavitt on a different type of 
instrument [St 71].
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3 . 6  STARK EFFECT
The h i g h  e l e c t r i c  f i e l d s  u s e d  f o r  c h a r g e  s t a t e  o b s e r v a t i o n s  
may a l s o  p r o d u c e  c h a n g e s  i n  t h e  p o s i t i o n  o r  s h a p e  o f  t h e  l i n e s  
a t t r i b u t a b l e  t o  t h e  S t a r k  e f f e c t .
F i g u r e  3 . 4  i l l u s t r a t e s  t h e  b r o a d e n i n g  ( 4 0  k V /cm) and s p l i t ­
t i n g  (76 k V / cm) o f  t h e  H, l i n e  [Ba 7 0 ] .  Note  t h a t  t h e  r a d i a t i o n  must  
h a v e  b e e n  f rom n e u t r a l  a t o m s ;  t h e r e  was no D o p p l e r  s h i f t ,  s i m p l y  a 
b r o a d e n i n g  and s p l i t t i n g  a b o u t  t h e  u n s h i f t e d  w a v e l e n g t h .  T h e s e  l i n e s  
w e r e  e x c i t e d  by p e r m i t t i n g  850 keV CH^ i o n s  t o  p a s s  t h r o u g h  a t h i n  
c a r b o n  f o i l .  The l i g h t  was s t u d i e d  w i t h  t h e  e x p e r i m e n t a l  a p p a r a t u s  
shown i n  f i g u r e  4 . 1 .  I n  t h i s  e x p e r i m e n t ,  t h e  f i e l d  was t r a n s v e r s e  t o  
t h e  p a r t i c l e  v e l o c i t y  and p a r a l l e l  t o  t h e  d i r e c t i o n  o f  o b s e r v a t i o n .  
B e c a u s e  o f  t h e  l a r g e  D o p p l e r  b r o a d e n i n g ,  q u a n t i t a t i v e  m e a s u r e m e n t s  
c o u l d  n o t  be  made on t h e  S t a r k  s p l i t t i n g  o r  t h e  i n t e n s i t i e s  o f  t h e  
i n d i v i d u a l  c o m p o n e n t s .
The S t a r k  e f f e c t  i s  l a r g e  f o r  h y d r o g e n ;  t h e  e f f e c t  f o r  o t h e r
a t o m s  i s  n o t  a s  p r o n o u n c e d .  M e a s u r e m e n t s  on N I I  [ J a  70]  and  Ne I  and
I I  [Ry 31,  I s  39]  h a v e  shown most  b r o a d e n i n g s  and  s h i f t s  t o  be  o f  t h e
o r d e r  o f  a few t e n t h s  o f  an a n g s t r o m .  However ,  some o f  t h e  s h i f t s  w e r e  
o
up t o  2 A i n  f i e l d s  o f  l e s s  t h a n  100 k V / cm,
The c h a n g e s  i n  t h e  l i n e s  due  t o  t h e  S t a r k  e f f e c t  a r e  
i n d e p e n d e n t  o f  t h e  d i r e c t i o n  o f  t h e  a p p l i e d  f i e l d ,  w h e r e a s  t h e  D o p p l e r  
s h i f t  d e p e n d s  on t h e  d i r e c t i o n  o f  t h e  f i e l d .  H en ce ,  i n  p r i n c i p l e ,  t h e  
S t a r k  e f f e c t  c a n  be r e c o g n i z e d ,  i f  i t  i s  s i g n i f i c a n t ,  and n e e d  n o t  
i n v a l i d a t e  t h e  c h a r g e  m e a s u r e m e n t s .
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4 0  kV /cm
0  kV/cm
UNCORRECTED X (A)
F i g .  3 . 4 :  S t a r k  e f f e c t  on H^. L ine  e x c i t e d  by p a s s i n g  850 keV CH^
i o n s  t h r o u g h  a t h i n  f o i l .  The e l e c t r i c  f i e l d  was t r a n s v e r s e  to  t h e  
p a r t i c l e  v e l o c i t y ,  and p a r a l l e l  t o  d i r e c t i o n  o f  o b s e r v a t i o n .
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CHAPTER 4
EXPERIMENTAL EQUIPMENT AND PROCEDURES
4.1  INTRODUCTION
The r e s u l t s  t o  be  p r e s e n t e d  i n  C h a p t e r  5 w e r e  o b t a i n e d  w i t h  
two s i m i l a r  e x p e r i m e n t a l  s y s t e m s .  The f i r s t ,  u s e d  i n  t h e  c h a r g e  s t a t e  
m e a s u r e m e n t s  o f  n i t r o g e n  i o n s ,  u n d e r w e n t  r e f i n e m e n t  and e v o l v e d  i n t o  
t h e  s e c o n d  s y s t e m ,  u s e d  f o r  c a r b o n  and  n eo n  i o n s .  F i g u r e s  4 .1  an d  4 . 2  
i l l u s t r a t e  s c h e m a t i c  d i a g r a m s  o f  t h e  two s y s t e m s .  As c a n  be  s e e n ,  t h e  
s i d e - o n  c o n f i g u r a t i o n  was u s e d  i n  t h e s e  m e a s u r e m e n t s .  The d i s c u s s i o n  
t h a t  f o l l o w s  w i l l  c o v e r  t h e  a p p a r a t u s  u s e d ,  w i t h  p a r t i c u l a r  r e f e r e n c e  
t o  t h e  r e a s o n s  f o r  t h e  d i f f e r e n c e s  b e t w e e n  t h e  two s y s t e m s .
4 . 2  ACCELERATOR AND BEAM PRODUCTION
Both s y s t e m s  u s e d  t h e  same c o m p o n en t s  up t o  an d  i n c l u d i n g  t h e  
t a r g e t  ch a m b e r .  A High  V o l t a g e  E n g i n e e r i n g  C o r p o r a t i o n  Model  AK Van de  
G r a a f f  a c c e l e r a t o r  p r o v i d e d  a  s o u r c e  o f  e n e r g e t i c  i o n s .  T h i s  m a c h i n e  
i s  c a p a b l e  o f  a t t a i n i n g  t e r m i n a l  v o l t a g e s  up t o  2 . 2  MV, an d  p r o d u c e s  
h e a v y - i o n  c u r r e n t s  o f  t h e  o r d e r  o f  m ic r o a m p s .
4 . 2 . 1  G ases  f o r  A c c e l e r a t i o n
To p r o d u c e  beams o f  h e a v y  i o n s ,  t h e  e l e m e n t  o f  i n t e r e s t  i s  
a d m i t t e d  i n t o  t h e  RF s o u r c e  i n  g a s e o u s  fo rm .  F o r  t h i s  s p e c i f i c  w o rk ,  
n o r m a l  l a b o r a t o r y  p u r i t y  g a s e s  w e r e  u s e d  e x c e p t  i n  t h e  c a s e  o f  n e o n  
w h e r e  s p e c t r o s c o p i c a l l y  p u r e  n eo n  was u s e d .  To p r o d u c e  a beam o f  
c a r b o n  i o n s ,  t h r e e  d i f f e r e n t  g a s e s  w e r e  t r i e d ,  A c e t y l e n e  g a v e  a  d i s a s ­
t r o u s  r e s u l t ;  t h e  RF s o u r c e  b o t t l e  was c a r b o n i z e d  w i t h i n  m i n u t e s  o f  
u s e .  M ethane  p r o d u c e d  b e t t e r  r e s u l t s ,  b u t  t h e  u s e f u l  l i f e  o f  a s o u r c e
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F i g .  4 . 1 :  Schemat ic  o f  c h a r g e  a s s i g n m e n t  a p p a r a t u s  f o r  n i t r o g e n  sy s te m .
Note t h a t  t h e  e v e n t  marker  i s  o p e r a t e d  m an u a l ly  when 10 X i n c r e m e n t s  
a r e  o b s e r v e d  from t h e  m e c h a n ic a l  w a v e l e n g t h  i n d i c a t o r .  D e f l e c t i o n  
s u p p l i e s  o f  o p p o s i t e  p o l a r i t y .
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Fig. 4.2: Schematic of charge assignment apparatus for carbon and neon
osystem. Note automatic 10 A event marker. Deflection supplies of 
opposite polarity.
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b o t t l e  was l i m i t e d  t o  a few h o u r s  b e c a u s e  o f  ca rb o n  d e p o s i t i o n . ,  The 
b e s t  pe r fo rm a nc e  was o b t a i n e d  w i t h  c a rbon-m onox ide  which y i e l d e d  s t a b l e  
beams fo r  p e r i o d s  o f  some t e n s  o f  h o u r s  w i t h  one s o u rc e  b o t t l e .  No io n  
s o u r c e  problems were e x p e r i e n c e d  w i t h  e i t h e r  n i t r o g e n  o r  neon g a s e s .
4 . 2 . 2  A n a ly z in g  Magnet and Quad rupo le  Lens
S e l e c t i o n  o f  t h e  a p p r o p r i a t e  beam w i t h  r e s p e c t  t o  c h a r g e  and 
momentum was a c c o m p l i s h e d  by a 2 2 | °  a n a l y z i n g  magnet ,  w i t h  m a s s - e n e r g y  
p r o d u c t  e qua l  t o  t w e n ty .  Thus,  i n  g e n e r a l ,  t h e  i s o t o p i c  p u r i t y  o f  t h e  
beam was i n s u r e d ,  though  a d d i t i o n a l  e x p e r i m e n t a l  o b s e r v a t i o n s  would be 
needed  i f  t h e r e  were c o n t a m i n a t i n g  i o n s  w i t h  t h e  same m a s s - e n e r g y  
p r o d u c t  [Ba 66, Bi 6 7 ] .  No c o n t a m i n a t i o n  problems were e x p e r i e n c e d .
A m a g n e t i c  q u a d r u p o l e  l e n s  was used  be tween  t h e  magnet  and 
t h e  t a r g e t  chamber.  A l though  t h i s  might  i n c r e a s e  t h e  a n g u l a r  d i v e r g e n c e  
o f  t h e  o b s e rv e d  beam, i t  gave more i n t e n s e  and more s t a b l e  beams t h a n  
c o u ld  o t h e r w i s e  be o b t a i n e d  u s i n g  t h e  a c c e l e r a t o r  f o c u s i n g  a l o n e  ( t h e  
t u b e  d e s i g n  was t o  p roduce  a c r o s s - o v e r  a t  i t s  e x i t ) .
4 . 3  TARGET CHAMBER
4 .3 . 1  F o i l  Wheel and F o i l s
A d iag ram  o f  t h e  t a r g e t  chamber  i s  shown i n  f i g u r e  4 . 3 .  The 
beam o f  i o n s  was p r e - c o l l i m a t e d  t o  a d i a m e t e r  o f  6 mm so t h a t  t h e  beam 
would no t  h i t  t h e  f o i l  f r a m e s .  Twenty f o i l s  were mounted on t h e  c i r c u m ­
f e r e n c e  o f  an alumin ium f o i l  wheel  so t h a t  a damaged f o i l  c o u ld  be 
r e p l a c e d  q u i c k l y  by r o t a t i n g  t h e  w hee l .  The c a rb o n  f o i l s  u sed  were
made i n  t h e  Depar tm ent  o f  N u c le a r  P h y s i c s  a t  t h e  A u s t r a l i a n  N a t i o n a l
2
U n i v e r s i t y .  T h e i r  t h i c k n e s s  r an g e d  be tw een  4 t o  12 m ic rogram s /cm  .
For  c h a r g e  s t a t e  m easu rem en ts  i t  i s  r e l a t i v e l y  u n i m p o r t a n t  i f  d i f f e r e n t  
t h i c k n e s s  f o i l s  a r e  used  f o r  d i f f e r e n t  o b s e r v a t i o n s ;  r e l a t i v e  l i n e
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Fig. 4.3: Diagram of beam-foil spectroscopy chamber. A. 6 mm pre­
collimator; B. Foil-wheel holding 20 foils; C. Grounded collimator 
plate; D. Point of observation; E. Deflecting plates, 5 mm 
separation, length 68 mm; F. Chamber window; G. 0-ring seal.
intensities are not important unless they can help to identify transi­
tions giving nearly the same wavelengths. Thicker foils do not give 
more light and degrade the beam collimation.
Foil life depended on the type and amount of ion beam used. 
Generally for beam currents of less than one microamp, a typical foil 
life would be about half an hour. The main contribution to foil 
failure was tearing of the foils caused by sparking in the high voltage 
deflection system. The structure of the foil seemed to deteriorate 
with use before complete rupture occurred.
After passage through the foil the radiating beam was further 
reduced in size to 2 mm diameter by a thin grounded aperture. This 
thin plate served another purpose, namely, to reduce the damage to the
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foils from sparks at the deflecting plates» This aperture was the main 
source of electrons which could be deflected to the chamber window, and 
increase the background light:, when the field was applied. These 
electrons also limited the maximum field obtainable due to excessive 
current loading of the voltage supplies»
4.3»2 Deflecting Plates and Field
The thin, well defined, radiating beam was passed between two 
parallel metal plates made of mild steel with carefully rounded edges, 
and highly polished to reduce sparking and corona» The plates were 
slotted (3 mm width, matching the 2 mm beam diameter and the monochrom­
ator acceptance angle) to allow the radiating light to be focused onto 
the entrance slit of a monochromator, when the beam was viewed at a 
nominal 90° to the beam and parallel to the plane of the electric 
field.
The plates were connected to two high voltage power supplies 
capable of producing electric fields of up to 80 kV/cm. The field was 
limited by breakdown in the chamber and high corona currents. The 
deflected beam could pass through the slot, which reduced secondary 
emission, sparking, and unnecessary loading of the voltage supplies»
The direction of the field could be reversed by changing the 
connections to the electrodes.
A separation of 5 mm was found to give a sufficiently uniform 
field when using a beam diameter of 2 mm and a plate slot width of 3 mm. 
This uniformity is relevant to linearity of the Doppler shift vs. charge 
(equation (3»7)) when looking at places where the beam has a large 
spatial shift. Electric field distortion due to the slots is shown in 
figure 4.4» This shows observations with conductive paper and a null- 
reading voltmeter. The area inside the dotted circle represents the
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beam s i z e  and p o s i t i o n .  A l t h o u g h  t h e  p l o t  i s  somewhat c r u d e  i t  d o e s  
show a d e q u a t e  u n i f o r m i t y  o f  f i e l d  i n  t h e  beam a r e a .  For  a p a i r  o f  
i n f i n i t e  t h i n  p l a n e  e l e c t r o d e s ,  e a c h  w i t h  an  i n f i n i t e l y  l o n g  s l o t ,  t h e  
f i e l d  b e t w e e n  t h e  p l a t e s  c a n  be  c a l c u l a t e d  [Du 5 3 ] .  At a p o i n t  midway 
b e t w e e n  t h e  c e n t r e s  o f  t h e  s l o t s  t h e  f i e l d  i s  r e d u c e d ,  f rom  t h e  v a l u e  
f o r  no s l o t s ,  by an amount  w h ich  i n c r e a s e s  w i t h  t h e  r a t i o  ( s l o t  w i d t h /  
p l a t e  s e p a r a t i o n ) .  The f i e l d  i n c r e a s e s  as  one  moves away f r om  t h e  
s l o t s ,  k e e p i n g  midway b e tw e e n  t h e  e l e c t r o d e s ,  and i t  d e c r e a s e s  a s  one  
moves  t o w a r d s  t h e  c e n t r e  o f  e i t h e r  s l o t .  E q u a t i o n  ( 3 . 3 )  shows t h a t  
maximum beam s e p a r a t i o n s  a t  t h e  p o s i t i o n  o f  o b s e r v a t i o n  w e r e  n o r m a l l y  
l e s s  t h a n  t h e  d i a m e t e r  o f  t h e  u n d e f l e c t e d  beam,  h e n c e  t h e  e f f e c t s  o f  
f i e l d  d i s t o r t i o n  w e r e  n o t  s i g n i f i c a n t .  The e f f e c t  on e x p e r i m e n t a l  
r e s u l t s  i s  d i s c u s s e d  i n  s e c t i o n  4 . 1 3 .
- i
-r
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F i g .  4 . 4 :  D iag r am  o f  e q u i p o t e n t i a l  l i n e s  b e t w e e n  s i m u l a t e d  d e f l e c t i o n
p l a t e s .  The d o t t e d  c i r c l e  e n c l o s e s  t h e  beam p o s i t i o n .
4 . 3 . 3  T a r g e t  Chamber Vacuum
The p r e s s u r e  i n  t h e  t a r g e t  chamber  must  be  v e r y  low t o  r e d u c e  
r a d i a t i o n  p r o d u c e d  by e x c i t a t i o n  o f  r e s i d u a l  g a s  and c o l l i s i o n a l  
d e - e x c i t a t i o n  o f  t h e  i o n s .  At a p r e s s u r e  o f  5 X 10 ^ t o f r ,  t h e  r e s i d u a l
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I ] 3gas density is of the order of 10 per cm , For 1 p.A of singly
ionized particles in 2 mm diameter beam and ß = 1 °]0i the beam density is 
6 3about 10 per cm . These low particle densities ensure that there are 
few interactions between particles in the residual gas and the beam,
The pressure in the chamber was at all times less than 1 X 10 torr
“  6and usually less than 5 x 1 0  torr. Checks were performed to see if 
any radiation was produced from residual gas at these pressures by 
moving the foil out of the beam and testing for radiation. No such 
radiation was observed,»
A good target chamber vacuum also reduced the frequency of 
breakdown between the deflecting plates,
4o 4 BEAM COLLECTION
The beam was collected in a Faraday cup, 5 cm diameter, 
located 35 cm downstream from the foil. The cup was suppressed by -300 
volts to prevent electrons, released when the heavy ions were collected, 
from affecting the indicated current. The amount of current gave an 
indication of the condition of the foil. When a foil was placed in the 
beam initially the collected current increased by a factor between one 
and three, depending on the nature of the charge distribution. As the 
condition of the foil deteriorated (the foil became punctured and torn 
with time as the beam passed through) the observed current decreased, 
assuming stable accelerator conditions. This check gave a very good 
indication as to whether the foil was blown out completely. The beam 
current could only be observed when v\o deflecting field was applied. 
When large transverse electric fields were applied some of the charged 
beams were deflected beyond the Faraday cup and the stability of the 
accelerator system was relied upon. Because the charge state measure­
ments were concerned primarily with wavelength determination and in no
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way r e l i e d  on r e l a t i v e  i n t e n s i t i e s ,  no m o n i t o r i n g  o f  t h e  beam c u r r e n t  
was pe r fo rm ed  o t h e r  t h a n  i t s  u se  as  an i n d i c a t i o n  o f  f o i l  c o n d i t i o n ,
4 , 5  OPTICAL MATERIALS
The w a v e l e n g t h  r e g i o n  s t u d i e d  was d i c t a t e d  by t h e  o p t i c a l  
p r o p e r t i e s  o f  t h e  t r a n s f e r  o p t i c s  components ,  i . e .  t h e  chamber window 
and c o u p l i n g  l e n s .  For  t h e  n i t r o g e n  m easu rem en ts ,  t h e s e  components
o
were made o f  g l a s s  which  g i v e s  an o p t i c a l  c u t - o f f  below abou t  3300 A.
In  t h e  l a t e r  work on c a rbon  and neon more emphas is  was p l a c e d  on t h e
u l t r a v i o l e t  r e g i o n ,  where  Dopp le r  b r o a d e n i n g  i s  p r o p o r t i o n a l l y  l e s s  f o r
a g i v e n  p a r t i c l e  e n e rg y .  The m a t e r i a l s  used were ULTRASIL and SUPRASIL
q u a r t z  (Heraeus  Q uarzschm elze  o f  Hauau, Germany) which have  t h e i r
o
o p t i c a l  c u t - o f f  below 1800 A. T h i s  w a v e l e n g t h  i s  a l s o  c l o s e  t o  t h e  
lower l i m i t  which  can  be used  w i t h  d ry  n i t r o g e n  f i l l e d  m onochrom ators .
4 . 6  SIDE-ON CONFIGURATION AND LUMINOSITY
4o6.1 T r a n s f e r  o f  L ig h t  f rom t h e  Beam t o  t h e  Monochromator
F i g u r e  4 » 5 i s  an o p t i c a l  s c h e m a t i c  d iag ram  from an i o n  beam 
t o  a d e t e c t o r .  Only l i g h t  w i t h i n  a c e r t a i n  r a n g e  o f  d i r e c t i o n s  w i l l  be 
a c c e p t e d  by t h e  monochromator  and t r a n s m i t t e d  t h ro u g h  i t .  T h i s  r a n g e  
i s  s p e c i f i e d  by t h e  f /num ber  o f  t h e  i n s t r u m e n t ,  and t o  use  t h e  
i n s t r u m e n t  most  e f f e c t i v e l y  i t s  f u l l  a p e r t u r e  s h o u ld  be used  by b o th  
t h e  c o u p l i n g  l e n s  and t h e  d e t e c t o r .
To o b s e r v e  weak l i n e s  t h e  c o u p l i n g  l e n s  s h o u ld  be l o c a t e d  t o  
t r a n s f e r  t h e  maximum amount o f  l i g h t  f rom t h e  beam i n t o  t h e  monochroma­
t o r .  F i g u r e  4 .6  i s  a d iag ra m  o f  t h e  s i d e - o n  c o n f i g u r a t i o n .  To d e t e r ­
mine optimum v a l u e s  f o r  o b j e c t  and image d i s t a n c e s ,  t h e  d i a m e t e r  and 
f o c a l  l e n g t h  o f  t h e  l e n s ,  and t h e  d i m e n s io n s  o f  t h e  monochromator  s l i t ,  
a r e l a t i o n  w i l l  be d e r i v e d  f o r  t h e  amount o f  l i g h t  p r e s e n t e d  t o  t h e
40
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APERTURE
LENS
ENTRANCE
SLIT
Fig. 4.6: Diagram of the side-on configuration. (Not to scale.)
monochromator, in terms of quantities which must be chosen in designing 
the equipment and those which can be set for any particular experimental 
observation.
Let the entrance slit on the monochromator be of height Hs
and width W^. A lens of focal length f and diameter D is placed at an 
image distance 1i' from the slit and an object distance ' o* from the 
beam. The monochromator will receive light emitted from a segment of 
the collimated beam with dimensions X and within a range of 
angles set by the aperture of the lens.
42
From g e o m e t r i c a l  o p t i c s ,  t h e  r e l a t i o n s  be tween  t h e  l i n e a r  and 
a n g u l a r  m a g n i f i c a t i o n s ,  t h e  image and o b j e c t  d i s t a n c e s  and t h e  f o c a l  
l e n g t h  o f  t h e  l e n s ,  a r e  l i s t e d  below f o r  r e f e r e n c e .
m
1
i
0
0
1
f
and t h e  maximum a n g l e s  a r e
20
( 4 . 1 )
( 4 . 2 )
( 4 . 3 )
The amount o f  l i g h t  i n c i d e n t  on t h e  l e n s  i s  p r o p o r t i o n a l  t o
L  ■  H b  w b  e 2  •
( 4 . 4 )
The e f f e c t i v e  l e n g t h  o f  beam from which l i g h t  i s  t r a n s f e r r e d  t o  t h e  
monochromator  e n t r a n c e  i s
= W /m . b s ( 4 . 5 )
From e q u a t i o n s  ( 4 . 1 ) ,  ( 4 . 2 )  and ( 4 . 3 ) ,  one can  o b t a i n
e = 1 77D2 f m + 1
so t h a t  ( 4 . 4 )  becomes
H, Wb s \  2 f  j  (m + 1
( 4 . 6 )
( 4 . 7 )
4 . 6 . 2  Choice  o f  Lens P o s i t i o n  and S i z e
D i f f e r e n t i a t i o n  o f  e q u a t i o n  ( 4 . 7 )  w i t h  r e s p e c t  t o  'm' shows 
t h a t  maximum l i g h t  t r a n s f e r  i s  a c h i e v e d  f o r  m = 1 . Hence t h e  l e n s  
s hou ld  be p l a c e d  midway be tween  t h e  beam and t h e  e n t r a n c e  s l i t ,  which  
w i l l  t h e n  be a t  t h e i r  minimum s e p a r a t i o n ,  4 f .
Of t h e  l i g h t  t r a n s f e r r e d  t o  t h e  e n t r a n c e  s l i t ,  o n l y  t h a t  
w i t h i n  t h e  monochromator  a p e r t u r e  w i l l  be used .  For  u n i t  m a g n i f i c a t i o n ,
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t h i s  means t h a t  t h e  r e l a t i v e  a p e r t u r e  o f  t h e  t r a n s f e r  l e n s ,  D / f , shou ld  
b e  a t  l e a s t  t w i c e  t h a t  of  t h e  monochromator» The f o c a l  l e n g t h  o f  t h e  
l e n s  must  be c hosen  so t h a t ,  i n  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  d i s p e r ­
s i o n  o f  t h e  monochromator ,  t h e  l i g h t  f rom t h e  beam can  a l l  emerge from 
t h e  e x i t  s l i t  and e n t e r  t h e  d e t e c t o r  -
E x a m in a t io n  o f  t h e  f a c t o r “  i n  e q u a t i o n  ( 4 , 7 )  shows(m +  1 ) ‘
t h a t  t h e  m a g n i f i c a t i o n  c o n d i t i o n  f o r  maximum i n t e n s i t y  i s  n o t  p a r t i c u ­
l a r l y  s t r i n g e n t »  A 20 j0 change  i n  ' m? r e d u c e s  t h e  l i g h t  by o n l y  abou t  
1%, w h i l e  a f a c t o r  o f  two change  (m = 0 .5  o r  2) g i v e s  a 1 2 r e d u c t i o n .  
The l a r g e  amount o f  c o m p e n s a t io n  o c c u r s  b e c a u s e ,  f o r  example ,  when t h e  
l e n s  i s  moved c l o s e r  t o  t h e  beam, i . e .  m g r e a t e r  t h a n  1, l i g h t  i s  
c o l l e c t e d  ove r  a w id e r  a n g u l a r  r a n g e ,  but  t h e  e f f e c t i v e  s o u r c e  s i z e  i s  
r e d u c e d ,  and v i c e  v e r s a  f o r  m l e s s  t h a n  1 .
Ano ther  c o n s i d e r a t i o n  t o  be t a k e n  i n t o  a c c o u n t  when u s i n g  
e q u a t i o n  ( 4 . 7 )  i s  t h e  change  o f  f o c a l  l e n g t h  o f  t h e  l e n s  as  a f u n c t i o n  
o f  t r a n s m i t t e d  w a v e l e n g t h .  The i n d e x  o f  r e f r a c t i o n  f o r  t h e  SUPRASIL 
m a t e r i a l ,  t h e  s o l i d  l i n e  i n  f i g u r e  4 . 7 ,  changes  r a p i d l y  i n  t h e  u l t r a ­
v i o l e t  r e g i o n .  The f o c a l  l e n g t h  o f  t h e  l e n s  was c a l c u l a t e d  from t h e  
t h i n  l e n s  f o rm u la  [Fr 50]
f  = I  (n  - 1) ( 4 . 8 )
where  R i s  t h e  r a d i u s  o f  c u r v a t u r e  f o r  an equa l  r a d i u s  b i - c o n v e x  l e n s  
and n i s  t h e  index  o f  r e f r a c t i o n .  The f o c a l  l e n g t h  f o r  t h e  SUPRASIL 
l e n s  i s  shown as  t h e  d o t t e d  l i n e  i n  f i g u r e  4 . 7 .
The l e n s  i s  a b o u t  5 mm t h i c k  and a l l o w a n c e  f o r  t h i s ,  u s i n g  
t h e  t h i c k  l e n s  fo rm u la ,  makes f  a bou t  1 <j0 l a r g e r .  The beam i s  2 mm i n  
d i a m e t e r ,  so l e n s  p o s i t i o n i n g  i s  no t  c r i t i c a l  to  t h i s  amount .  Lenses  
o f  a bou t  100 mm f o c a l  l e n g t h  were used  w i t h  d i a m e t e r s  o f  40 and 50 mm.
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Since f varies with the wavelength it is feasible to fix the 
distance to the monochromator from the beam at no less than four times 
the maximum focal length» Then, as the wavelength is changed, only the 
lens need be moved to focus the beam at the entrance slit. Since the 
Doppler broadening of a spectral line increases with Q (equation 3.8)) 
it is preferable to move the lens towards the slit. This makes the 
angular magnification greater and helps to fill the aperture of the 
monochromator.
Because of the many factors involved, i.e. choice of mag­
nification, filling of the lens and monochromator, plus the nature of 
the experimental apparatus, it was not possible to change the image and 
object distances to obtain true focus for each different spectral line. 
It was found that using a particular lens, in the appropriate wave­
length range, with all distances fixed gave a satisfactory compromise 
between intensity and the sharpness of the lines.
4.6.3 Monochromator Slit Dimensions
The parts of equation (4.7) still to be examined are the 
factors and W^. These concern the size of the entrance slit of the 
monochromator»
Referring to figure 4.6, it will be seen that the height of 
the slit should be at least
H = m Hl (4.9)s b
so as to accept light from the full diameter of the beam. Any increase 
above this value will not increase the light from the beam, but will 
increase the amount of scattered light which can enter the
monochromator.
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The w i d t h  o f  t h e  s l i t ,  W^, w i l l  n o r m a l ly  be d e t e r m i n e d  by
l i n e - w i d t h  c o n s i d e r a t i o n s . ,  I f  i t  i s  made to o  na r row ,  t h e  d e t e c t e d
i n t e n s i t y  d e c r e a s e s ,  but  t h e  l i n e  w i d t h  does no t  b e c a u s e  i t  w i l l  be
l i m i t e d  by Dopp le r  b r o a d e n i n g ,  i „ e ,  t h e  s i g n a l / n o i s e  r a t i o  d e c r e a s e s .
I f  made too  l a r g e ,  t h e  t r a n s f e r  f u n c t i o n  o f  t h e  monochromator  shows
t h a t  t h e  l i n e  w i d t h  o b s e r v e d  w i l l  become p r o p o r t i o n a l  t o  W , i . e .  t h e
s i g n a l / n o i s e  r a t i o  does n o t  i n c r e a s e .  For  i n s t r u m e n t s  o f  r e a s o n a b l e
o
d i s p e r s i o n ,  e , g .  5 t o  50 A/mm, W w i l l  u s u a l l y  be i n  t h e  r a n g e  1 t o
s
0.1 mm, wh ich ,  by e q u a t i o n  ( 4 . 5 ) ,  i s  s i m i l a r  t o  t h e  l e n g t h  o f  beam from 
which l i g h t  i s  c o l l e c t e d .
For  t h e  e x i t  s l i t ,  i t s  h e i g h t  w i l l  depend on t h e  f o c a l  l e n g t h  
o f  t h e  t r a n s f e r  l e n s  and t h e  s i z e  o f  t h e  d e t e c t o r ,  i n  a manner  
s u g g e s t e d  i n  t h e  p r e c e d i n g  s e c t i o n .  I t s  w i d t h  w i l l  u s u a l l y  be t h e  same 
as  t h a t  o f  t h e  e n t r a n c e  s l i t ,  s i n c e  t h e  t r a n s f e r  f u n c t i o n  o f  t h e  mono­
c h ro m a to r  i s  t h e n  ( n e a r l y )  t r i a n g u l a r ,  which  g i v e s  t h e  b e s t  compromise 
be tw een  l i n e  w i d t h  and i n t e n s i t y .
When m e a s u r in g  t h e  t r a n s v e r s e  Doppler  s h i f t ,  i t  i s  n e c e s s a r y  
t h a t  o n l y  a s h o r t  segment  o f  t h e  beam be o b s e r v e d ,  o t h e r w i s e  t h e  v a r i a ­
t i o n  o f  s h i f t  s i g n i f i c a n t l y  i n c r e a s e s  t h e  l i n e  w i d t h ,  and t h e  mean 
p o s i t i o n  o f  o b s e r v a t i o n  can  depend on t h e  l i f e t i m e  o f  t h e  t r a n s i t i o n  
o b s e r v e d  as  w e l l  as  t h e  c h a r g e  s t a t e .
4 .7  REDUCTION OF DOPPLER BROADENING 
BY ACCEPTANCE OF PARALLEL LIGHT
Normal ly ,  one a t t e m p t s  t o  c o m p l e t e l y  f i l l  t h e  monochromator  
a p e r t u r e  s i n c e  t h e  u l t i m a t e  r e s o l u t i o n  o f  t h e  i n s t r u m e n t  depends  on t h e  
t o t a l  w i d t h  o f  t h e  g r a t i n g  which  i s  i l l u m a t e d .  T h i s  c o n s i d e r a t i o n  i s  
o f  s e c o n d a r y  im p o r t a n c e  b e c a u s e  t h e  h ig h  sp e ed s  o f  t h e  p a r t i c l e s  i n  t h e  
b e a m - f o i l  s o u r c e  p roduce  b r o a d e n i n g  which  i s  u s u a l l y  f a r  g r e a t e r  t h a n
t h e  i n s t r u m e n t a l  l i m i t .
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Methods of Doppler broadening reduction were introduced in 
Chapter 3„ Of these, two dealt with the coupling lens and beam 
geometry. First, the anamorphic condensing system of two cylindrical 
lenses [Ka 70], and second the 'parallel-light' method of moving the 
lens (figure 4.5). The latter method follows a suggestion of Bakken et 
al. [Ba. 70a] and reduces the range of angles over which light is 
accepted. There is no focusing in this case, so light will be 
collected from a considerable length of beam. To exploit the benefits 
of reduced Doppler broadening the entrance slit width must be narrowed, 
which is accompanied by a decrease in light acceptance. The original 
suggestion describes a system using an astigmatic (spherical and cylin­
drical combination) lens and orientation of the larger dimension of the 
slit parallel to the beam direction. The method discussed here uses 
the simple spherical lens repositioned as shown in figure 4.5 (dashed 
lines) and with the slit perpendicular to the beam direction, which is 
necessary for photoelectric observations of the transverse Doppler 
shift to measure charge states.
The parallel-light configuration was investigated using the
overy intense line in carbon (beam energy 1650 keV) at 2296.87 A 
10 2 1(2p - 2P D^). Table 4.1 lists the results of this test. For the
focused light case, i.e. when the magnification was nearly unity, the
entrance and exit slits were both set to a width of 150 microns which
corresponds to an instrumental line width of about 2 X. The full-
width at half maximum of the observed line was 5.0 X, showing clearly a
large contribution from Doppler broadening. The expected width of the
obroadened line was 5.1 A. When the lens was moved so that the image
distance equalled the focal length, a marked reduction of line width
occurred. The slit widths were further reduced, to 25 microns, making
othe observed line widths less than 1 A. The reduction of line width
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was found to be a non-linear function of the slit width at narrower
osettings» This was attributed to scattering at the foil; 0.9 A was 
approximately the line width limit expected from the spread in beam 
directions. A reduction in intensity, as recorded in the third column 
of table Aol, accompanied the reduction in slit width.
TABLE 4.1
REDUCTION OF DOPPLER BROADENING BY ACCEPTANCE OF PARALLEL-LIGHT
1650 keV C III 2296.87 (2p ]P° 2 1- 2p ’d2)
Entrance and 
Exit Slit 
Width 
(P)
FWHM Intensity (arbit. 
units)
Beam
Current
(pa)
o focused case, image150 5.0 A 17.4 1.45 distance = 20.4 cm = 
twice focal distance
150 2.4 X 3.9 1.45
1 00 2.0 A 2.7 1.45 parallel light case
50 1.5 A 1.17 1.45 image distance = 10 cm = focal distance
25 0.9 X 1.02 1 .45
The results of table 4.1 illustrate that the parallel-light
configuration reduces the line width significantly. Further tests,
using the line of the Balmer series of 240 keV hydrogen (4861 A)
illustrated line width reduction and also showed that the limit of 
reduction could be accounted for by the multiple scattering in the foil. 
In addition it was found that for small slit widths (less than 500 
microns) the relative signal to noise ratio increased for the parallel- 
light method as compared to the focused light case» This is because 
the greater intensity for the focused light is spread over a larger 
wavelength range by the unreduced Doppler broadening. On average, the 
ratio of integrated intensity in the hydrogen parallel-light case to
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the focused light case was 0.78 (± 0.02)»
For Doppler shift charge state measurements and mean life 
measurements a short length of beam must be observed. The results of 
tests using a mask to reduce the length of beam viewed from 19 mm down 
to 4 mm showed that the observed intensity was, as expected, propor­
tional to the length of beam. Hence, when a sufficiently high signal- 
to-noise ratio can be maintained, masking of the beam can be used when 
measuring charge states or short mean lives in the parallel-light 
arrangement.
An application of this method of line width reduction is dis­
cussed in section 5.4, where it was used to separate overlapping lines 
in order to obtain a better wavelength determination.
4.8 MONOCHROMATORS
The focused light from the beam illuminated the entrance slit
of the monochromator. Two different monochromators were used, one for
the nitrogen observations and the other for the carbon and neon
measurements. For the nitrogen case a ^ meter grating monochromator
manufactured by Jarrell-Ash was used. (This instrument was kindly
loaned by the Department of Physics of the University of Arizona.) It
owas fast (f/3.7) and had a reciprocal dispersion of 33 A/mm for zero
order when using a 1180 lines/mm grating. The major problems with the
instrument were that the entrance and exit slit widths were fixed at
100 microns and it gave an instrumental line width of about six
angstroms in the visible wavelength range. It was found that optical
alignment was needed. One would expect an instrumental line width 
ocloser to 3.3 A at this slit width. The poor design of the slit mount­
ing made a correct alignment of the instrument very hard. Incorrect 
setting of the collimator to slit distance, parallelism of slits to
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grating and each other, etc*, probably contributed greatly to the large
instrumental line width. When adjusted to maximum throughput a line 
owidth of 5 A was achieved, but there still remained a problem with 
scattered light. This instrument was used in the wavelength range 
3300 X to 6000 A.
The monochromator used for the neon and carbon measurements 
represented a considerable improvement to the experimental system. The 
instrument, a McPherson Model 218, though not as fast (f/5.3) as the 
Jarrell-Ash, contains many desirable features. It is a metre grating 
type and is specially constructed for use in the ultraviolet. The 
monochromator was continuously flushed with dry nitrogen, from the 
photomultiplier cooling device, to reduce absorption in the ultraviolet 
region.
oBy using a 2400 line/mm grating blazed at 3000 A, a range of
1050 A to 5300 A could be covered and the zero order reciprocal dis- 
opersion was 13.3 A/mm. The entrance and exit slits were continuously
adjustable in width, thus enabling the instrumental line width to be 
, oreduced to about ^ A if necessary. However, the slits were in most 
cases opened so that the instrumental line width matched the line width 
from Doppler broadening.
4.9 POSITION OF OBSERVATION OF THE BEAM
Two main factors influence the choice of distance downstream 
from the foil at which the beam is viewed. From equation (3.7), it can 
be seen that because of the linear dependence of the Doppler shift on 
the distance travelled in the field, the distance must be sufficient to 
produce an observable difference between line shifts from ions of 
different charge states.
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For p a r t i c l e  v e l o c i t i e s  o f  a bou t  10 cm/sec and a mean l i f e  
-9o f  a b o u t  10 s e c o n d s ,  t h e  d i s t a n c e  c o r r e s p o n d i n g  t o  a mean l i f e t i m e  i s  
on ly  one m i l l i m e t r e .  Thus a t  a d i s t a n c e  o f  a few c e n t i m e t r e s  down­
s t r e a m  from t h e  f o i l ,  l e v e l s  w i t h  v e r y  s h o r t  l i f e t i m e s  w i l l  have 
decayed  c o n s i d e r a b l y ,  w h i l e  l e v e l s  w i t h  l o n g e r  mean l i v e s  w i l l  be 
r e l a t i v e l y  s t r o n g e r .  Hence,  o b s e r v a t i o n s  a t  d i f f e r e n t  d i s t a n c e s  may be 
u s e f u l  f o r  s o r t i n g  o u t  s p e c t r a  c o n t a i n i n g  o v e r l a p p i n g  l i n e s  i f  t h e  
components  have d i f f e r e n t  l i f e t i m e s .
The d i s t a n c e s  used  i n  t h e s e  e x p e r i m e n t s  were i n  t h e  r a n g e  o f  
13 t o  33 mm downst ream from t h e  f o i l ,  o f  which t h e  f i r s t  6 mm was o u t ­
s i d e  t h e  d e f l e c t i n g  e l e c t r o d e s .
4 . 1 0  DETECTORS
4 .1 0 .1  P h o t o g r a p h i c  and P h o t o e l e c t r i c  D e t e c t i o n
The s p e c t r a l l y  decomposed l i g h t  may g e n e r a l l y  be d e t e c t e d  i n  
two ways,  e i t h e r  by p h o t o g r a p h i c  p l a t e s  or  by p h o t o e l e c t r i c  d e v i c e s .
The a d v a n ta g e  o f  u s i n g  p h o t o g r a p h i c  p l a t e s  as  t h e  f i n a l  d e t e c t o r  
i n c l u d e s  t h e  c a p a b i l i t y  t o  r e c o r d  a l a r g e  r a n g e  o f  d a t a  s i m u l t a n e o u s l y .  
The number o f  s p e c t r a l  l i n e s  d e t e c t e d  i s  l i m i t e d  o n ly  by t h e  number o f  
l i n e s  t h a t  can be d i s t i n g u i s h e d  i n  t h e  w a v e le n g th  r a n g e  c o v e r e d .  I t  i s  
a l s o  p o s s i b l e  t o  i n t e g r a t e  t h e  l i g h t  f rom v e r y  weak s o u r c e s  by u s i n g  
v e ry  long  e x p o s u re  t i m e s .  However,  i t  has  been found t h a t  by u s i n g  
p h o t o g r a p h i c  p l a t e s  i t  i s  q u i t e  d i f f i c u l t  t o  o b t a i n  good r e l a t i v e  
i n t e n s i t y  d a t a ;  u n c e r t a i n t i e s  as  l a r g e  as  t h i r t y  pe r  c e n t  a r e  no t  
uncommon [Bi 6 8 a ] .  A b s o r p t i o n  o f  u l t r a v i o l e t  r a d i a t i o n  i n  t h e  g e l a t i n  
o f  p h o t o g r a p h i c  e m u l s io n s  l i m i t s  t h e i r  a p p l i c a t i o n  i n  t h e  v e r y  s h o r t  
w a v e l e n g t h  r e g i o n .
Advan tages  o f  t h e  p h o t o e l e c t r i c  method i n c l u d e  imm edia te  
a v a i l a b i l i t y  o f  t h e  i n f o r m a t i o n  and l i n e a r i t y  o f  r e s p o n s e  t o  i n t e n s i t y
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variations, which contributes to high quality relative intensity 
measurements. The photon detector can be coupled directly to the 
vacuum system for use in the extreme ultraviolet.
To determine the charge of the radiating particles, measure­
ments of the change of wavelength for individual spectral lines or 
groups of overlapping lines are needed for several values of electric 
field. Since identification of corresponding lines in the various 
spectra is assisted by relative intensity measurements, there is no 
need to cover a large wavelength range in each single observation, and 
since the life of a foil near the high electric fields may be fairly 
short, the photoelectric method was chosen. The output from the photo­
multiplier consists of current pulses of various magnitudes, which may 
be observed either by integrating the current or by counting the number 
of pulses. In the experiments reported here the integrating dc method 
was used, principally for the simplicity and availability of the 
associated electronics. The signal-to-noise ratio for both of the 
photomultipliers used was quite high and it has been shown that, for 
the EMI 6256S photomultiplier the achievable signal-to-noise ratio is 
the same, both for the dc method and the pulse counting method [Ro 70].
When choosing a tube, many factors must be considered and the 
choice usually involves some compromises. The nature of the beam-foil 
source and the wavelength range of interest were the dominant 
considerations.
The intensity of the beam-foil source is very low and a tube 
of high gain and low noise must be chosen. Because the noise is a 
function of the dark current of the tube (among other things) it is 
necessary to obtain a tube with a very low dark current. The dark 
current increases with the area of the photocathode, which needs to be 
large enough to match the monochromator aperture and the larger
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dimension of the exit slit. Cooling was used to reduce the thermal 
component of the dark current.
4c10.2 Photomultiplier Mountings
Two types of photomultiplier tubes were used in this 
experiment. The tube used for the nitrogen observations was a selected 
RCA type 1P21 (loaned by the University of Arizona). The other tube 
was an EMI 6256S.
The 1P21 tube was specially selected by RCA to have a very 
low dark current (about 6 X 1 0 ^  amps at room temperature). The dark 
current could be further reduced by a factor of eighty by radiative 
cooling from a closely fitting brass cylinder attached to a cold-finger 
immersed in liquid nitrogen. To keep frost from condensing on the 
photomultiplier, a steady stream of dry nitrogen, evaporated from a 
reservoir of liquid nitrogen, was blown over the photomultiplier and 
through the monochromator.
The 1P21 has a photocathode area of about two square centi-g
metres and a gain of about 8 X 1 0 .  The glass envelope of the tube 
restricted its use to the visible region.
The observable wavelength range was greatly increased by the 
use of the 6256S tube because its end-window and envelope were made of
SPECTROSIL (fused silica) which transmits light at wavelengths down to
o 21700 A. This tube has a photocathode area of 0.8 cm , to reduce the
g
dark current, and a gain of about 10 . By cooling the tube, dark 
currents of the order of 1 X 10 ^  amps could be attained.
A special cooling device for the end-window photomultiplier 
was designed and a diagram of it is shown in figure 4.8. Liquid 
nitrogen, stored in a fifty litre dewar, was boiled off by a small 
resistance heater. This dry gas was cooled by passing through a coil
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of tubing immersed in a small dewar of liquid nitrogen close to the 
phototube. The cold, dry nitrogen was passed through a coil, soft 
soldered to a copper sleeve surrounding the end-window and first few 
dynodes of the photomultiplier. After passing through the cooling 
sleeve, the stream of gas blew directly onto the face of the tube, and 
then passed through the slit in the monochromator housing. This 
flushed out the air for observations below 2500 A and reduced the like­
lihood of condensation of water vapour on the voltage divider network 
and tube face. There was no need for an evacuated system or the use of 
d esiccants.
The phototube temperature was checked by attaching a thermo­
couple directly to the tube face. The temperature was reduced from 
15 °C to -15 °C in half an hour, to -35 °C in one hour and reached a 
steady value of about -45 °C after two hours. The final temperature 
may be changed by altering the flow rate of cold gas passing through 
the cooling sleeve coil, using a thermistor controlled resistance 
heater located in the fifty litre dewar [Sm 67]. Several studies of 
the effects of cooling photomultipliers have been made (for example
[Yo 66, Yo 67]). The manufacturers of the 6256S recommend that the
odark current has reached its minimum by about -30 C, and the 
temperature not be reduced below -80 °C.
The photomultiplier must not be too far from the exit slit to 
collect all the light (see figure 4.5). If it is too close, local 
variations in the cathode sensitivity could give false line intensity 
variations if the beam-monochromator alignment is altered slightly.
The 1P21 photocathode has a relatively large area and represents little 
problem. The 6256S has a small photocathode and care must be taken to 
keep the tube close enough that useful transmitted light is not lost.
It was necessary to keep the photocathode of the 6256S within 5.3 cm of
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the exit slit for total detection of the transmitted light,
4,10,3 Output of Photomultipliers
The output of the photomultiplier was amplified with a
General Radio Type 1230-A electrometer, used in the E-mode with an
1 0input resistance of 10 ohms, for the nitrogen measurements, A
Keithley Model 417 high-speed picoammeter was used for the neon and
carbon measurements. The photomultiplier currents from spectral lines
-9were usually of the order of 1 X 10 amps, with a very strong line 
giving 3 X 10'8 amps. Weak signals were sometimes obscured by noise 
from the dark current, radiative pickup and stray light from 
fluorescence in the chamber window (see section 4.3.1). The detector 
output was recorded on a Moseley strip chart recorder and scans were 
repeated several times to reduce uncertainties.
4.11 CALIBRATION OF INSTRUMENTS
Since the measured wavelengths were the only means of 
identifying transitions, wavelength calibration of the monochromators 
was required. Standard source lamps, including mercury, neon and 
krypton, were used and the indicated wavelengths of lines in the 
visible and ultraviolet range were recorded. These experimentally 
observed wavelengths were then compared with the tabulated wavelengths 
[Mo 49, Mo 59, Mo 62, Wi 66, St 68] to provide a correction to the 
monochromator indicated wavelength for light emitted from ions at rest. 
Because the particles in the beam-foil source were moving at about one 
per cent of the speed of light, an observable shift in wavelength would 
occur if the light was not viewed at exactly 90° (see equation (3.4)).
A further correction for the observed wavelengths from travelling ions 
was found by comparing the measured wavelength of well-known spectral
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lines from the beam-foil source with the tabulated values for the
corresponding lines from stationary sources.
As shown in figures 4.1 and 4.2, wavelength information from
the monochromator was transferred to the strip chart recorder in two
ways. For the nitrogen data the grating was rotated by a synchronous
omotor with gear train giving a scanning rate of 50 A/minute, and a 
chart marking pulse was manually triggered by watching the mechanical 
wavelength indicator. For carbon and neon data a microswitch was 
activated by a cam added to the gear train so as to give a reproducible 
marking pulse every 10 A. In this way, linear distances on the chart 
could be calibrated in terms of wavelengths.
4.12 DATA ANALYSIS
A value for the observed wavelength of each spectral line 
studied was obtained for the centre of the line at half maximum height, 
and reading the corresponding wavelength from the calibrated chart. 
Strong lines were symmetrical and the centre easily found. For weak 
lines the centre was averaged from estimates made at several fractions 
of the maximum height. This procedure is suitable for isolated lines 
but care must be taken for overlapping lines that are poorly resolved. 
In the unresolved cases, a determination of the mean wavelength of the 
group was used.
Uncertainties in the observed wavelength arise from two main 
sources: the chart calibration and determination of the centre of the
line shape.
In the nitrogen system, because of manual chart marking, an 
ouncertainty of ± 1.5 A in calibration was estimated from repeated scans
oover strong lines. The chart speed corresponds to 12.5 A per inch and
oline centres could be found to within 0.05 inch, i.e. ± 0.6 A. A
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combination of the uncertainties produced a final uncertainty of ± 2 A
in the wavelength of an isolated intense line; for less intense lines,
the uncertainty could be twice as great.
Through refinements in the neon and carbon system the
uncertainty was greatly reduced. Automatic chart marking produced an
uncertainty of ± 0.1 X in chart calibration. The chart speed was 
ousually 5 A/inch, and the uncertainty in line centre measurements was
ostill about 0.05 inch, i.e. ± 0.25 A. A combination of these
uncertainties, for the carbon and neon system, produced an estimated
ouncertainty of ± 0.3 A in the wavelength of an isolated intense line, 
and typically twice this for weak or unresolved lines.
4.13 DETERMINATION OF DOPPLER SHIFTS
The measured wavelengths of the Doppler shifted lines were 
subtracted from the unshifted values and the difference was divided by 
the wavelength. This quantity corresponds to the left hand side of 
equation (3.7). Uncertainties in the measured ratio, AX/X, may be from 
several sources. The measurements were carried out over periods of 
months and changes in the relative positions of experimental equipment 
were unavoidable. These changes would produce field non-uniformity 
through tapering of the inter-electrode gap, or changes in the electric 
field due to changed electrode separation. The field non-uniformity 
may also affect different trajectories for different charges so that 
AX/X may not be a linear function of the charge. Two additional 
sources of error are changes in the accelerator voltage during 
experimental scans and the non-resettability of the applied voltage.
An illustration of the experimental scatter in the AX/X 
measurements, as a function of wavelength, is shown in figure 4.9. The 
scatter is unimportant because of the clear separation between the
1 0
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Fig. 4.9: Example of experimental scatter in the measurements of AA/X
as a function of wavelength for neon. The dashed lines are drawn 
at equal ordinate increments of 0.58 q. Pairs of measurements for 
each wavelength are produced by reversing the deflecting field.
'bands' for different charge states. Since observations were made at
several values of the electric field, the ordinate was normalized to
a constant electric field value so as to give the relative line shift
20per nominal kV/cm. Referring to equation (3.7), for 0.95 MeV Ne 
observed 1.4 cm inside the field, it is found that the expected 
ordinate values for different charge states are 0.74 q. The observed 
mean ordinate positions are approximately equally spaced, but the con­
stant of proportionality is 0.58, which indicates that the effective 
field was about 78^ , of the nominal field. This is a reasonable 
decrease attributable to the 3 mm wide slots in the electrodes, which 
were 5 mm apart, and the 2 ran diameter of the beam. (The»expected
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reduction would be to 83$, for a very small beam diameter; see section
%
4.3.2 and [Du 53).) Part of the discrepancy could also be because the
effective field boundary seen by the ions does not coincide with the
plane of the ends of the elctrodes. Figure 4.10 shows an alternative
presentation of the experimental data for 1.6 MeV C ions. In this case 
4+the C beam would have been displaced about 1 mm by the field; note
4+that the effective field is appreciably less for the C ions than for 
the C+ ions. The results in figures 4.9 and 4.10 clearly indicate that 
the charge state is easily measured without spatial separation of the 
beam and that measurements can be made through a large range of 
ionization stages.
Fig. 4.10: Example of experimental scatter in the measurements of q
for carbon. The ordinate indicates the relative number of lines 
measured, and the abscissa is the relative shift normalized to a 
constant electric field value.
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CHAPTER 5
EXPERIMENTAL RESULTS
5.1 INTRODUCTION
S p e c t r a  p r o d u c e d  by t h e  b e a m - f o i l  t e c h n i q u e  w i t h  n i t r o g e n ,  
c a r b o n  and neon  beams w e r e  a n a l y z e d  by means o f  t h e  e x p e r i m e n t a l  
m e th o d s  p r e s e n t e d  i n  t h e  p r e v i o u s  c h a p t e r .  The r e s u l t s  a r e  s um m ari zed  
i n  t a b l e s  5 . 1 ,  5 . 2  and 5 . 3 .
The m e a s u r e d  w a v e l e n g t h s  h a v e  b e e n  c o r r e c t e d  f o r  s y s t e m a t i c  
e x p e r i m e n t a l  e r r o r s  u s i n g  t h e  m e th o d s  o f  s e c t i o n  4 . 1 1 .  F o r  w a v e l e n g t h s  
l e s s  t h a n  2000 A a c a l c u l a t e d  a d j u s t m e n t  f rom  t h e  w a v e l e n g t h  i n  a i r  t o  
t h e  w a v e l e n g t h  i n  vacuum h a s  b e e n  a p p l i e d .
I n  many c a s e s  t h e  w a v e l e n g t h  i s  l i s t e d  w i t h  a  p r e v i o u s l y  
r e p o r t e d  c h a r g e  s t a t e ,  w a v e l e n g t h  and  t r a n s i t i o n .  T h e s e  ' i d e n t i f i c a ­
t i o n s '  a r e  made s o l e l y  by c o m p a r i s o n  o f  w a v e l e n g t h s .  I f  a n  o b s e r v e d  
l i n e  m a t c h e s  t h e  w a v e l e n g t h  ( w i t h i n  e r r o r s )  o f  a known t r a n s i t i o n  i t  i s  
a s sum ed  t h a t  i t  i s  t h i s  t r a n s i t i o n .  T h i s  d o e s  n o t  e l i m i n a t e  t h e  
p o s s i b i l i t y  t h a t  t h e  o b s e r v e d  l i n e  i s  a 'n e w '  b e a m - f o i l  l i n e ,  o r  t h a t  
t h e  b e a m - f o i l  s o u r c e  h a s  n o t  e x c i t e d  t h e  known t r a n s i t i o n .
The m u l t i p l e t  number f o r  known t r a n s i t i o n s  i s  shown when i t  
i s  a v a i l a b l e .  T h e s e  a r e  t a k e n  f rom  t h e  t a b l e s  o f  Moore [Mo 59,  Mo 6 2 ] .  
A l l  w a v e l e n g t h s  u s e d  f o r  i d e n t i f i c a t i o n  a r e  t a k e n  f r o m  t a b l e s  i n c l u d e d  
i n  t h e  o r i g i n a l  w ork  on t h e  i o n ,  and t h e  o r i g i n a l  s p e c t r o s c o p i c  nomen­
c l a t u r e  h a s  b e e n  r e t a i n e d .  The o r i g i n a l  p a p e r s  a r e  i d e n t i f i e d  a t  t h e  
h e a d  o f  e a c h  t a b l e .
B e c a u s e  o f  t h e  D o p p l e r  b r o a d e n i n g ,  u n i q u e  i d e n t i f i c a t i o n  was 
n o t  p o s s i b l e  f o r  some o f  t h e  o v e r l a p p i n g  l i n e s  w h i c h  w e r e  n o t  r e s o l v e d .  
Fo r  t h e s e  c a s e s ,  t h e  i d e n t i f i c a t i o n  co lum ns  may c o n t a i n  more t h a n  one
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entry. Any or all of the several entries could account for the 
observed spectral line or a member of the group of overlapping lines.
The tables contain no information on the line intensities.
For the purpose of charge state measurements, the intensity of a line 
is of little importance. With adjacent lines, relative intensities 
were correctly associated from one observation to the next. The 
intensity of the position of observation is related to the initial 
population of an excited state at the foil by the lifetime of the state, 
the decay scheme, the spectral efficiency of the detecting system, and 
the charge state distribution of the beam. The latter depends on the 
beam energy (see figure 5.1), and if the detection efficiency and life­
time had been known or measured, then the relative intensities of lines
CARBON NITROGEN
Fig. 5.1: Charge fractions at experimental energies for carbon
nitrogen and neon [Ma 68].
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o v e r  a wide w a v e l e n g t h  r a n g e  c o u ld  have h e lp e d  w i t h  t h e  i d e n t i f i c a t i o n  
o f  t h e  t r a n s i t i o n s  l e a d i n g  t o  t h e  o b s e r v e d  l i n e s .
3 .2  TRANSITIONS IN NITROGEN
The t w e n t y - s i x  l i n e s  r e s o l v e d  and i d e n t i f i e d  i n  t h e  b e a m - f o i l  
s p e c t r u m  o f  n i t r o g e n  f o r  an i n c i d e n t  beam o f  en e rg y  o f  850 keV a r e  
l i s t e d  i n  t a b l e s  5 .1 .1  t o  5 . 1 . 4 .  Measurements  ove r  a w a v e l e n g t h  ran g e  
be tween  3000 A and 6000 A were  made a t  t h r e e  d i f f e r e n t  d i s t a n c e s  w i t h i n  
t h e  e l e c t r i c  f i e l d :  n o m in a l l y  7,  17 and 27 mm. Because  o f  t h e  l a r g e
i n s t r u m e n t a l  l i n e  w i d t h  ( a b o u t  6 %) many o b s e r v e d  l i n e s  c o u ld  n o t  be 
r e s o l v e d  c o m p l e t e l y  f o r  i d e n t i f i c a t i o n .  By u s i n g  t h e  t h r e e  p o i n t s  o f  
o b s e r v a t i o n  i t  was hoped t h a t  t h e  c o m p l e x i t y  o f  u n r e s o l v e d  l i n e s  cou ld  
b e  r e d u c e d  by a r e l a t i v e  d e c r e a s e  i n  i n t e n s i t y  o f  some components  
b e c a u s e  o f  d i f f e r e n t  l i f e t i m e s .  However,  t h e  d i f f e r e n c e s  i n  d ecays  
were  n o t  s u f f i c i e n t  t o  g i v e  s i g n i f i c a n t  changes  ove r  t h e  g r e a t e r  d i s ­
t a n c e s .  Only one p o s i t i o n  was used  i n  s u b s e q u e n t  m easu rem en ts  i n  
c a rb o n  and neon.
A l l  o f  t h e  measured  c h a r g e  s t a t e s  were  f o r  t r a n s i t i o n s  i n  
N I I ,  N I I I ,  N IV and N V. A l though  i t  would be e x p e c t e d  from t h e  
c h a r g e  f r a c t i o n  d i s t r i b u t i o n  f o r  n i t r o g e n  a t  850 keV t h a t  N I  and N VI 
would be p roduced  a t  t h i s  e n e rg y  ( a p p r o x i m a t e l y  1.5% and 0.5% r e s p e c ­
t i v e l y ) ,  no l i n e s  a t t r i b u t a b l e  t o  t h e s e  two s p e c i e s  were s e e n .  Th is  
a g r e e s  w i t h  s i m i l a r  work o f  F ink  e t  a l .  [Fi  6 8 a ] .  No p r e v i o u s l y  
u n o b s e rv e d  l i n e s  i n  n i t r o g e n  were  found  under  t h e  c o n d i t i o n s  o f  t h e  
e x p e r i m e n t .  A c c o r d i n g l y ,  i t  was n o t  c o n s i d e r e d  w o r t h w h i l e  t o  r e p e a t  
t h e  measurements  w i t h  t h e  b e t t e r  r e s o l u t i o n  s y s te m  which was a v a i l a b l e  
s u b s e q u e n t l y .
E q u a t io n  ( 3 . 7 )  p r e d i c t s  t h a t  o v e r l a p p i n g  l i n e s  s h o u ld  be 
s e p a r a b l e  upon a p p l i c a t i o n  o f  t h e  d e f l e c t i n g  f i e l d .  Such s e p a r a t i o n
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was demonstrated by two examples in the analysis of the nitrogen data.
oFigure 5.2 shows that, at about 4605 A, the intense line with two 
satellites was seen with no field, was split by the deflecting field 
into components associated with N II, N IV and N V transitions. Like­
wise, the spectrum obtained with the field applied established that two
lines identified as N II and N V components were both present in the
obroad line observed at 4620 A.
oThe line at 3748 A (figure 5.3) was broadened significantly
by the field and probably contains at least two components. Although
it was not possible to detect two distinct lines when the deflecting
field was applied, the broadening could be due to a small contribution
from the N IV transition 2p3s ^ - 2p3p D^, at 3747.54 A. At higher
34-particle energies, more N ions are produced relative to the number of 
24-N ions. The resulting alteration in relative intensities of N III 
and N IV components might be sufficient to establish that the N IV
transition can be excited with the beam-foil source.
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TABLE 5.1.1 
N II TRANSITIONS 
Reference [Er 58]
Experimental 
Wavelength (A) Transition [J - J ]
Multiplet
Number
3940 3939.57 3d' 5f - 4f' 5g° 5 - 6
3940.66 II If 4 - 5
3941.23 It 1 3 - 4
3957 3955.851 3s 3P° - 3p 1 D 1 - 2 (6)
4026 4026.075 3d V 4f G (4|) 3 - 4 (40)
4042 4041.311 II I 4 - 5 (39)
4043.529 3d 3f° - 4f G (34) 3 - 4 (39)
4133 4133.672 3s' 5P - 3p' 5s° 2 - 2 (65)
4605 4601.480 3s V " 3p 3P 1 - 2 (3)
4607.157 II II 0 - 1 (5)
4620 4621.394 I II 1 - 0 (3)
4628 4630.543 I If 2 - 2 (5)
4641 4643.085 II I 2 - 1 (5)
5004 5001.136 3p 3d - 3d 3f° 1 - 2 (19)
5001.477 I I I I 2 - 3 (19)
5002.703 3s V ~ 3p 3s 0 - 1 (4)
5005.149 3s1' 5P 3p' 5P° 2 - 2 (64)
5005.149 3p 3d - 3d 3f° 3 - 4 (19)
5007.316 3p 3s - 3d 3p0 1 - 2 (24)
5012 5010.620 3s 3P° 3p 3s 1 - 1 (4)
501 1.30 3s ' 5P - 3p' 5P° 2 - 1 (64)
5012.029 11 I t 3 - 3 (64)
5534 5535.363 I t I f 1,3 - 1,4 (63)
5679 5679.562 3s 3P0 - 3p 3d 2 - 3 (3)
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TABLE 5 . 1 . 2  
N I I I  TRANSITIONS
R e f e r e n c e [Fr 28]
E x p e r i m e n t a l  
W a v e l e n g t h  (A) T r a n s i t i o n [ J
- J ]
M u l t i p l e t  
Number
3355 3 3 5 4 . 2 9 3 s '  4 P° - 3 p ' 4 P 3 / 2 - 5 / 2 ( 5 )
3 3 5 3 . 7 8 1! I I 1 /2 - 3 / 2 ( 5 )
3368 3 3 6 7 . 3 6 I t 11 3 /2 - 5 / 2 ( 5 )
3374 3 3 7 4 . 0 6 I I I I 5 /2 - 3 / 2 ( 5 )
3748 3 7 4 5 . 8 3 3 s '  4 P° - 3 p ' 4 s 1 /2 - 3 / 2 ( 4 )
3 7 5 2 . 6 5 3 p '  4D - 3 d ' 4 p° 1 /2 - 1 /2 ( 1 1 )
3756 3 7 5 4 .6 2 3 s '  V  - 3 p ' 4 s 3 / 2 - 3 / 2 ( 4 )
3 7 5 7 . 5 9 3 p '  4D - 3 d ' 4 P° 1 /2 - 3 / 2 ( I D
3 7 5 7 . 6 5 I I I I 3 / 2 - 1 /2 c i d
3772 3 7 7 0 . 3 7 I f I I 3 / 2 - 5 /2 ( I D
3 7 7 1 . 0 8 3 s '  4 P° - 3 p ' 4 s 5 / 2 - 3 / 2 ( 4 )
3 7 7 1 . 4 5
4
3 p '  D - 3 d ' 4 P° 5 /2 - 3 / 2 ( 1 1 )
3794 3 7 9 2 . 8 7 I t I I 7 / 2 - 5 / 2 ( I D
4097 409 7 .3 1
2
3s  S - 3p 2 P° 1 /2 - 3 / 2 ( 1 )
41 02 4 1 0 3 . 3 7 11 11 1 /2 - 1 / 2 ( 1 )
4378 4 3 7 9 . 0 9 4 f  2 F°  - 5g 2 g 5 / 2 , 7 / 2 - 7 / 2 , 9 / 2 ( 1 7 )
4535 4 5 3 4 . 5 7 3 s ' 4 P° - 3 p ' 4d 5 /2 - 5 / 2 ( 3 )
4 5 3 5 .1 1 3 p ' 4 S - 3 d ' 4 P° 3 / 2 - 3 / 2 ( 1 3 )
67
TABLE 5.1 .3 
N IV TRANSITIONS 
Reference [Ha 66a]
Experimental 
Wavelength (A) Transition [J - J]
Multiplet
Number
3480 3478.71 2s3s 3S - 2s3p 3P° 1 - 2 (1)
3482.99 f 1 I f 1 - 1 (1)
3484 3484.96 1 1 I f 1 - 0 0 )
4605 4606.33 2s5g 3G - 2s6h 3H°
TABLE 5.1.4 
N V TRANSITIONS 
Reference [Ha 66b]
Experimental 
Wavelength (A) Transition [J - J]
Multiplet
Number
4605 2 2 0 4603.73 3s S - 3p P 1/2 - 3/2 (1)
4620 4619.98 " " 1/2 - 1/2 (1)
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♦ 60 k V/cm
0 kV/cm
-60  kV/cm
OBSERVED X(A)
Fig. 5.2: Partial spectrum of 850 keV nitrogen indicating separation
of overlapping lines with the application of the deflecting field.
oIn (a), the N V line at approximately 4620 A has been shifted too 
far to the red to be shown in the diagram.
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♦ 60 kV/cm
0 kV/cm
-6 0  kV/cm
i f )
OBSERVED A (A)
F i g .  5 . 3 :  P a r t i a l  s p e c t r u m  o f  850 keV n i t r o g e n .  The l i n e  s h a p e  a t
a b o u t  3748 X i n  (b )  i s  b roadened  when t h e  d e f l e c t i n g  f i e l d  i s  
a p p l i e d  ( ( a )  and ( c ) )  bu t  t h e  s e p a r a t i o n  between  t h e  two r e s o l v e d -  
l i n e s  r em a ins  c o n s t a n t  a t  8 . 5  X.
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5.3 TRANSITIONS IN CARBON
The beam-foil spectrum obtained with carbon ions contained 
fifty-six distinguishable lines in the wavelength range of 1800 A to 
5300 X; these are listed in tables 5.2.1 to 5.2.5. Beam energies of 
685 keV and 1600 keV were used. Acceleration of CH^ ions to an energy 
of 856 keV produced 685 keV carbon ions after molecular disassociation 
occurred in the foil. Subsequent measurements using a c"*~ beam at an 
energy of 685 keV showed the same lines. Relative intensities at the 
two energies followed quantitatively the relative numbers predicted by 
the changes in the equilibrium charge state distribution (figure 5.1) 
and the excitation functions reported by Poulizac et al. [Po 71]. The 
observations were made at a distance of 17 mm inside the electric 
field.
All of the lines, except five, were identified by comparison 
with reported wavelengths from transitions in C II, C III, C IV and C V. 
Under the existing experimental conditions, no lines arising from C I 
were detected; charge state fractions predict approximately three per 
cent of this ionic species at 685 keV, see figure 5.1.
For the five unidentified lines in table 5.2.5, charge states 
of two could be measured definitely. The remaining three were 
indefinite because of high background from fluorescence in the target 
chamber window. This effect was from electrons deflected to the window 
by the electric field and was especially noticeable near 3000 X. These 
lines were observed when using the 1600 keV beam; that they were not 
seen by Bakken et al. [Ba 69] using beam energies of 900 and 1050 keV 
suggests that C V is more likely. In the work of Poulizac and 
co-workers [Po 71] lines have been reported close to four of the wave­
lengths in table 5.2.5; their charge states were assigned using the 
method of Kay (see section 2.3 [Ka 65]), but the transitions could not
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be i d e n t i f i e d .
A l l  o f  t h e  u n i d e n t i f i e d  l i n e s  w e r e  o b s e r v e d  t o  h a v e  D o p p l e r  
s h i f t s  c o n s i s t e n t  w i t h  t h e i r  h a v i n g  e m an a ted  f rom  p a r t i c l e s  t r a v e l l i n g  
a t  t h e  beam v e l o c i t y ,  and n o t  f r o m  s l o w e r  moving e x c i t e d  p a r t i c l e s  
s p u t t e r e d  f rom t h e  f o i l .
The p r e v i o u s  r e p o r t  by Bakken e t  a l .  [Ba 69]  i n c l u d e s  n i n e  
u n i d e n t i f i e d  c a r b o n  l i n e s  i n  t h e  a b o v e  w a v e l e n g t h  r a n g e .  A c a r e f u l  
s e a r c h  was made f o r  t h e s e  l i n e s  b u t  t h e y  c o u l d  n o t  be  d e t e c t e d .  T h i s  
may be  b e c a u s e  B a k k e n ' s  r e s u l t s  w e r e  o b t a i n e d  u s i n g  t h e  e n d - o n  c o n f i g u r ­
a t i o n  e m p l o y i n g  a n  image  i n t e n s i f i e r  t u b e  and p h o t o g r a p h i c  d e t e c t i o n .  
T h e s e  c o n d i t i o n s  e n a b l e  v e r y  f a i n t  l i n e s  t o  be  s e e n  ( c o m p a r e  f i g u r e s  2 
and 3 w i t h  t a b l e  1 o f  [Ba 6 9 ] ) .  I n  t h e  l a t e r  w ork  o f  P o u l i z a c  e t  a l .
[Po 71]  t h e r e  i s  a l s o  no i n d i c a t i o n  o f  t h e  u n i d e n t i f i e d  l i n e s  s e e n  i n  
[Ba 6 9 ] ,  a l t h o u g h  t h e  same e n e r g y  r a n g e  was c o v e r e d .
The i n i t i a l  c a r b o n  s u r v e y  m e a s u r e m e n t s  w e r e  made u s i n g  t h e  
J a r r e l l - A s h  m o n o ch ro m a to r  b u t  t h e  c h a r g e  m e a s u r e m e n t s  w e r e  p e r f o r m e d  
u s i n g  t h e  M cP her so n  i n s t r u m e n t .  T h ro u g h  t h e  u s e  o f  t h i s  m o n o c h r o m a to r ,  
w i t h  i t s  a d j u s t a b l e  w i d t h  s l i t s ,  an  i n c r e a s e  i n  r e s o l v i n g  power  was
o
a v a i l a b l e .  Only o n e  o v e r l a p p i n g  g r o u p  o f  l i n e s  was o b s e r v e d  ( 4 0 7 2 . 2  A);  
a p p l i c a t i o n  o f  t h e  d e f l e c t i n g  f i e l d  showed co m p o n en t s  w e r e  a s s o c i a t e d  
w i t h  C I I  and C I I I ,  a s  shown i n  f i g u r e  5 . 4 .
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TABLE 5 . 2 . 1  
C II TRANSITIONS 
Reference [G1 53]
Experimental  
Wavelength (X) T r a n s i t i o n [J - J ]
2642 . 0 2641 . 425
4
3 P’ D - 4 d 1 4 F° 7 / 2 , 3 / 2 - 9 / 2 , 3 / 2
2642.331 f 1 II 5/2 - 5/2
2707.7 2708 .4 3d' 2F° - 6 f ' 2 G 5 / 2 , 7 / 2 - 7 / 2 , 9 / 2
2802 . 0 2801.21 3d' 4F° - 5 f ' 4 G 7 / 2 , 9 / 2 - 9 / 2 , 1 1 / 2
2801 . 43 1 1 11 5 / 2 , 3 / 2 - 7 / 2 , 5 / 2
2802 . 39 II II 5/2 - 5/2
2837 . 0 2836 . 710 2p' 2 S - ~ 2 p03p P 1/2 - 3/ 2
2837.603 II II 1/2 - 1/2
2992 . 8 2992 . 618 23d D - 5£ 4 ° 3 / 2 , 5 / 2 - 5 / 2 , 7 / 2
3361 . 2 3360.891 3d 2D - 5P 2 P° 3 / 2 - 3/2
3877 . 6 3876 . 005 3d' V  - 4 f ' 4 G 3/ 2 - 5/2
3876.187 II II 9/ 2 - 11/2
3876 . 408 11 II 7 / 2 - 9/2
3876 . 664 11 II 5/ 2 - 7 / 2
3878 . 028 • II II 5/2 - 5/2
39 2 1 . 0 3920 . 693 3p 2P ° -
2
4s S 3 / 2 - 1/2
3953.7 3952 . 058 3d' 4F° - 4 f ' 4F 9/ 2 - 9/ 2
3952.679 II 1 1 9 / 2 - 7 / 2
3953 . 95 3d' 4 F° - 4 f ' 2F 9/ 2 - 7/ 2
(continued over)'
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TABLE 5 . 2 . 1
C I I TRANSITIONS ( c o n t ' d)
E x p e r i m e n t  a^ T r a n s i t i o n [J J ]
W a v e l e n g t h  (A)
4 0 7 2 . 2 4074 .  51 8 3 d '  V  -
4
4 f ' F 1 / 2 , 3 / 2 - 3 / 2 , 5 / 2
4 0 7 4 . 8 4 5 1 1 11 5 / 2 - 7 / 2
4 0 7 5 . 3 9 5 f 1 11 3 / 2 - 3 / 2
4075 . 851 1 1 11 7 / 2 , 5 / 2 - 9 / 2 , 5 / 2
4 0 7 6 . 1 4 2 3 d '  V  - 4 f ' 2 F 5 / 2 - 7 / 2
4076 . 251 f I 11 3 / 2 - 5 / 2
4 0 7 6 . 5 2 6 3 d '  V  - 4 f ' 4 F 7 / 2 - 7 / 2
4 2 6 7 . 5 4 2 6 7 . 0 0 3 3d 2D - 4 f  2 F° 3 / 2 - 5/ 2
4 2 6 7 . 2 5 8 t f 1 1 5 / 2 - 7 / 2
4 4 1 2 . 3 4 4 1 1 . 1 6 3 3 d '  2D° -
2
4 f ' F 3 / 2 - 5 / 2
4 4 1 1 . 5 0 6 I I 11 5 / 2 - 7 / 2
4 6 1 8 . 5 4 6 1 8 , 4 0 3 d '  2F°  -
2
4 f ' G 5 / 2 - 7 / 2
4 6 1 9 . 2 3 11 (1 7 / 2 - 9 / 2
5 1 3 5 . 0 5 1 3 2 . 9 4 3 s '  4 P° -
4
3 p '  P 1 / 2 - 3 / 2
5 1 3 3 . 2 8 11 11 3 / 2 - 5 / 2
5 1 3 7 . 2 6 I f 11 1 / 2 - 1/ 2
5 1 4 5 . 0 5 1 4 3 . 4 9 11 11 3 / 2 - 1/ 2
5 1 4 5 . 1 6 1 1 11 5 / 2 - 5 / 2
74
TABLE 5,2,2 
C III TRANSITIONS 
Reference [Bo 55]
Experimental 
Wavelength (A) Transition [J - J]
(vacuum)
1894,5 1894.49 ~ 1 co3p P - 4s  ^S 1 - 0
1923-3 1922.93 33d D - 4f V 3 - 4
1923.14 1 1 I 2 - 3
1923.31 1 f f f 1 - 2
(air)
2009 o5 2009.327 3p 3P° - 4s 3S 0 - 1
2009.570 f 1 f 1 1 - 1
2010.094 ft f f 2 - 1
2092 - 3 2091.999 3d 3D - 4P 3P° 2,3,1,2,1 - 2,2,1,1,0
2140o 5 2139.86 3d' 3D° - 4p' 3P 3 - 2
2140.92 ft If 1,2 - 0,1
2163.3 2162.944 3d  ^D 4f 1 F° 2 - 3
2296 - 6 2296.870 2p 1P° - 2p' 1 D 1 - 2
2672.0 2671.318 34d D - 6f 3F° 2 - 3
2672.959 f 1 1 1 3 - 4
2726 - 3 2725.30 4f 3F° - 36g G 3 - 4
2725.90 I f f f 4 - 5
2777.8 2777.714 4f V  - 6g " G 3 - 4
2800.2 2799,47 3p' 3D - 6f 3F° 3 - 4
2806.4 2806.31 4d 3D - 6p 3P° 2 - 1
2849.0 2849.040 3s' 1P° - 3p' ]S 1 - 0
(continued over)
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TABLE 5.2 . 2
C I I I TRANSITIONS ( c o n t 1d )
Expe r im en ta l  
Wavelength (X)
T r a n s i t i o n [ J - J]
2982.6 2982.106 3d ] D - 3 s ' V 2 - 1
3889.5 3889.144 4d 3D - 5 f 3f ° 3 - 4
3889 o 47 5 II 11 3 - 3
4070.8 4068. 912
, 3 0
4 f  F - 5g 3g 3 - 4
4070.261 t f 11 4 - 5
41 52o6 41 52 o 51 2 3p' 3D - 5 f 3f ° 1 - 2
41 58o 0 41 56.49 ff II 2 - 3
4156.76 II II 2 - 2
41 62 o 86 11 II 3 - 4
41 66 o 4 4166.95 3p'  l D - 6p v 2 - 1
41 88o1 4186.90 4 f  4 ° - 5g } G 3 - 4
451 6 - 9 4515» 33 / 3 0 4p P - 5s 3s 0 - 1
4515.78 TI 11 1 - 1
4516.77 11 11 2 - 1
4594.0 4593.3 4 f  3D - 5g ’' 3f ° 3 - 4
4650.6 4650,25 3s 3S - 3p V 1 - 1
4651.01 3s'  3P° - 3p ' 3P 1 - 2
4651.47 3s 3 S - 3p 3 p° 1 - 0
4662.5 4663.64 3s '  3P° - 3p ' 3P 1 - 0
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TABLE 5 . 2 . 3  
C IV TRANSITIONS 
R e f e r e n c e  [Bo 56]
E x p e r i m e n t a l  
W a v e l e n g t h  ( ^ ) T r a n s i t i o n [J - J ]
2335» 4 2 3 3 5 . 9 5 f g 8 f g h i k
2405» 0 2 4 0 4 . 4 4 4p V - 5d 2d 1 / 2 - 3 / 2
2405.1  0 I f 11 3 / 2 - 5 /2
2523 o 9 2 5 2 3 .7 4d 2D - 5g 2 g° 5 / 2 , 3 / 2 -
2524.41 4d 2D - 5 f 2 f ° 5 / 2 , 3 / 2 -
2 5 3 0 » 7 2 5 2 9 . 9 8 4 f  2 F°  - 5g 2 g
2 5 3 0 . 6 4 f  2 F°  - 5 f 2f
2 6 9 9 . 3 2 6 9 8 .6 7 4p 2 P° - 5s 2s 3 / 2 - 1/2
3 6 8 9 . 4 3 6 8 9 . 6 6 f g h 9 f g h i k l
4 6 8 4 . 5 4 6 8 5 . 4 6 f g h 8 f g h i k
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TABLE 5.2.4 
C V TRANSITIONS
Reference [Ed 70]
Experimental 
Wavelength (%) Transition [J - J]
2270.7 2270.91 3 3 02s S - 2p P 0 - 2
2277 o 9 2277.25 II II 0 - 0
2277 o 92 II II 0 - 1
TABLE 5c2.5
UNIDENTIFIED CARBON TRANSITIONS
Experimental 
Wavelength (%)
Measured 
Charge State
Previous Reports
Experimental 
Wavelength (A)
[Po 71] 
Charge State
2057 o 7 V 2060 III or IV
2466.6 IV 247 0 III or IV
2916.1 III, IV or V
2998.2 III, IV or V 3000 IV
3201 c 5 III, IV or V 3201 IV
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♦70 kV/cm
0 kV/cm
- 70 kV/cm
OBSERVED X  (A)
F i g .  5 . 4 :  P a r t i a l  s p e c t r u m  o f  1600 keV c a rb o n .  The a r row s  i n d i c a t e
t h e  p o s i t i o n s  o f  C I I  and C I I I  components  c o m p l e t e l y  o v e r l a p p e d  i n
( ( a )  + 7 0  kV/cm) and r e s o l v e d  i n  ( ( c )  -70 kV/cm).
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5.4 TRANSITIONS IN NEON
Neon beam energies of 610 keV and 950 keV were used to excite 
spectra which included the 85 lines listed in tables 5.3.1 to 5.3.5.
The region studied was from 1800 to 3300 A. Most lines were detected 
at both energies; the relative intensities being consistent with the 
variations of charge state fractions shown in figure 5.1 and excitation 
functions reported by Denis et al. [De 69]. The majority of the 
measurements were made at an energy of 950 keV at a. position 14 mm 
inside the electric field.
Of the 85 lines listed, fifty-five were identified by com­
parison with wavelengths corresponding to known transitions in Ne II,
Ne III, Ne IV and Ne V (tables 5.3.1 through 5.3.4). The remaining 
thirty lines include eight which have been reported previously but are 
of unknown charge state (designated by * in table 5.3.5) and seven new 
lines not previously reported (designated by ft in table 5.3.5). No 
spectral lines from Ne I were detected.
5.4.1 Previously Reported Unassigned Lines in Neon
Neon was chosen for charge assignment studies because of the 
large number of lines previously reported but for which a transition 
could not. be identified [St 68, De 69, De 70]. Most of these lines 
have no charge assignment or the determination was ambiguous. Of the 
eight lines in this category, studied in the present work, all have now 
been assigned a. charge state.
In the cases where the same unidentified lines have been 
studied, agreement with previous reports is generally good. However, 
there are four instances of disagreement with the results of Denis et 
al. [De 69, De 70] where excitation functions were used to assign 
charge states. For two lines, unpublished results of Lindeberg [Li 70],
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using a theta pinch discharge, include measurements of charge state
Ne+  ^ for lines at 1951.693 and 2413 84 These values agree with
o othose recorded in table 5,3.5 (1952.2 A and 2413.6 A). In the case of 
the line measured at 2071.0 Ne IV, it is seen that the difference 
in wavelength between this line and the line measured by Denis [De 70] 
at 2072.2 is greater than the expected uncertainties of the measure­
ments. Denis1 measurements were performed at a higher energy which 
would increase the probability of exciting Ne VI levels. The remaining 
line, measured as 2462.9 % Ne III by Denis et al. [De 69] has its 
identification made by comparison with a previously reported wavelength 
but the intensity measured at only one energy, invalidating the charge 
assignment.
5.4.2 Parallel-light Doppler Broadening Reduction
Broad line shapes which were thought to contain more than one
line were investigated using the parallel-light Doppler reduction
method described in section 4.7. There were two regions where the
improvement of resolution, which could be achieved by this method, was
considered of special interests the regions between 1930 A and 1940 X 
o oand between 1980 A and 1990 A. Figure 5.5 illustrates the results for 
the latter region. The condensing lens was moved to a position equal 
to its focal distance away from the monochromator entrance slit (see 
figure 4.5). The redistribution of light shows immediately in the 
peak/valley ratio for the peaks in figure 5.5b as compared to those in 
figure 5.5a. When the slits were reduced in width to 100 microns 
(figure 5.5c), the heights of the peaks were reduced but two lines, at 
1984.5 ^ and 1986.7 A were resolved. The same procedure was used in 
the region between 1930 & and 1940 X where two lines at 1930.4 A and 
1933.1 were resolved. These groups were the only cases in which the
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p r e s e n c e  o f  two or  more o v e r l a p p i n g  l i n e s  was s u g g e s t e d  by t h e  lower 
r e s o l u t i o n  m easu rem en ts ,  e x c e p t  f o r  r e g i o n s  where  o v e r l a p p i n g  l i n e s  
f rom known t r a n s i t i o n s  were  expec ted»  No a t t e m p t s  were made t o  measure  
t h e  broad  l i n e  s h a p e s  a t t r i b u t e d  to  known t r a n s i t i o n s  i n  t h e  r e g i o n s  o f  
2263»1 A (Ne IV) ,  2372»6 X (Ne IV) ,  2678„0 X (Ne I I I )  and 2786»0 X 
(Ne I I I ) .
For t h e  two p a i r s  o f  l i n e s  1930 .4  A, 1933.1 X and 1984 .5  A,
1 986 7 X,  t h e  p a r a l l e l - l i g h t  Dopp le r  b r o a d e n i n g  r e d u c t i o n  method was 
no t  f e a s i b l e  f o r  c h a r g e  s t a t e  measurem ents  b e c a u s e  t h e s e  l i n e s  were  o f  
v e r y  weak i n t e n s i t y .  They c o u ld  n o t  be s e p a r a t e d  from t h e  n o i s e  b a c k ­
ground  when t h e i r  i n t e n s i t y  was f u r t h e r  r ed u c e d  by masking  o f  t h e  
t a r g e t  chamber  window ( s e e  s e c t i o n  4 . 7 ) .  I f  l i g h t  f rom an a p p r e c i a b l e  
l e n g t h  o f  t h e  beam i s  a l l o w e d  i n t o  t h e  monochromator ,  a p p l i c a t i o n  o f  
t h e  d e f l e c t i n g  f i e l d  would c a u s e  Doppler  b r o a d e n i n g  o f  t h e  l i n e .  The 
c h a r g e  a s s ignm en t  was made to  t h e s e  l i n e s  by t h e  o b s e r v a t i o n  o f  t h e  
manner  i n  which  t h e  l i n e  shape  c e n t r o i d  s h i f t e d  upon a p p l i c a t i o n  o f  t h e  
d e f l e c t i n g  f i e l d  ( s e e  f i g u r e  5.6 f o r  exam ple ) .
5 . 4 . 3  New L ine s  i n  Neon
With t h e  e x p e r i m e n t a l  c o n d i t i o n s  as  n o t e d  above ,  s e v en  new 
l i n e s  have been  o b s e r v e d  i n  t h e  u l t r a v i o l e t  s p e c t r u m  o f  neon .  Charge 
s t a t e s  f o r  t h e  i o n s  e m i t t i n g  two o f  t h e  l i n e s  have  been  measured  
d e f i n i t e l y .  A p o s i t i v e  measurement  f o r  t h e  c h a r g e  s t a t e s  a s s o c i a t e d  
w i t h  t h e  r e m a in i n g  f i v e  l i n e s  was d i f f i c u l t  b e c a u s e  o f  t h e  low s i g n a l -  
t o - n o i s e  r a t i o  which r e n d e r e d  measurem ents  o f  t h e  Dopple r  s h i f t  
u n r e l i a b l e ,  t h e s e  p rob lem s  were c o v e re d  i n  s e c t i o n  5 . 3 .  Two o f  t h e s e  
l i n e s  ( 1 9 3 1 .0  X and 1985.1 A) have been o b s e rv e d  by u s i n g  t h e  p a r a l l e l -  
l i g h t  Dopple r  b r o a d e n i n g  r e d u c t i o n  method I n  t h e  work o f  Denis  and 
c o -w o rk e r s  (De 70] t h e s e  l i n e s  were p r o b a b l y  no t  s e en  b e c a u s e  o f  o t h e r
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lines approximately 2.5 X distant» Evidence of these two lines is also 
contained in the unpublished high resolution work of Lindeberg [Li 70]; 
his wavelengths are 1931»35 1931»93 X and 1985»14 A, 1985»25
1985» 68 Xo
The seven new lines had Doppler shifts which identified them 
as having emanated from radiating beam particles, and not from slower 
moving excited particles sputtered from the foil»
5»4»4 Separation of Overlapping Lines
It was demonstrated in the analysis of nitrogen and carbon 
(figures 5.2, 5.3 and 5»4) that the Doppler shifts can be used to 
separate components arising from different charge states in overlapping 
lines. Although none as complex as these were observed in the neon 
spectra, figure 5»6 illustrates the effect of the deflecting field on 
the group of lines between 1980 ^ and 1990 The difference in wave­
length between the lines at 1981,2 A (Ne V) and the line at 1990.0 &
(Ne IV) changes as the field is applied in the two different directions» 
As a result, the line shape between these two lines varies from an 
unresolved situation (-70 kV/cm) to a. nearly resolved situation 
(+70 kV/cm). From the difference in the movements of the components in 
figure 5.6 it is apparent that there is a Ne V line and several 
unresolved Ne IV lines. The Doppler shift of the line shape centroid 
indicates that the unresolved components are due mainly to transitions
in Ne ions.
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TABLE 5 . 3 o]
Ne I I  TRANSITIONS 
R e f e r e n c e  [Br 31 ]
E x p e r i m e n t a l  
W a v e l e n g t h  ( ^ )
T r a n s i t i o n [ J - J]
M u l t i p l e t  
Number
2 9 5 6 . 0 2 9 5 5 . 7 3 3s 4 p  - 3p 4s° 5 /2 -  3 / 2 ( 8 )
2967 o7 2 9 6 7 . 2 0 3 p ' 2 f °  - 3 d ' 2 f 7 / 2 - 5 /2
3001 o 3 3 0 0 1 . 6 5 3 s 4 P - 3p 4s° 3 / 2 - 3 / 2 ( 8 )
3 0 2 9 . 3 3 0 2 8 . 8 4 0 11 II 1 / 2 - 3 / 2 ( 8 )
303 5 o 5 3 0 3 4 . 4 8 3p V  - 3d 4d 5 /2 - 7 / 2 ( 1 8 )
3 0 3 5 . 9 8 3p V  - 4s 4 p 5 /2 - 3 / 2 ( 1 7 )
3 0 4 6 . 4 3 0 4 5 . 5 8 3p 4 p°  - 3d 4 d 1 /2 - 1 /2 ( 1 8 )
3 0 9 4 . 2 3 0 9 4 . 0 8 3p 2d °  - 4 s 2 P 5 /2 - 3 / 2 ( 2 4 )
31 i 8 o 8 3 1 1 8 . 0 2 3p 4d °  - 3d 4 P 7 / 2 - 5 /2 ( 1 6 )
3 1 6 5 . 3 3 1 6 4 . 4 6 3p 1
OQ
3d 4 f 7 / 2 - 7 / 2 ( 1 3 )
3 1 6 5 . 7 0 f 1 II 5 /2 - 5 / 2 ( 1 3 )
3 1 9 9 . 3 3 1 9 8 . 6 2 II II 5 /2 - 7 / 2 ( 1 3 )
3 2 1 8 . 7 3218 ,21 II II 7 / 2 - 9 / 2 (13)
3 2 3 0 , 9 3 2 2 9 . 5 0 3 p 1' 2 f - 3 d ' 2g 7 / 2 - 9 / 2 ( 4 3 )
3 2 3 0 . 1 6 3 s 1' 2d - 3 p 1 2d° 5 / 2 - 5 / 2 ( I D
3 2 9 7 . 4 3 2 9 7 . 7 4 3s 4 P - 3p V 5 /2 - 5 / 2 ( 2 )
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TABLE 5.3.2 
Ne III TRANSITIONS
References: b = [Br 32], f = [De 69]
Experimental 
Wavelength (^ ) Transition [J - J]
Multi plet. 
Number
Ref.
21 50 1 2149.92 b. 3p! 31 - 3d' 3f° 2 - 3
2150.70 b. 1 I t 3 - 4
2161.7 2161.04 b. 3p 5P - 3d V 2 - 2
2161.22 b. M f 1 2 - 3
2213-7 2213.76 b. 3 p'- 3f - 3d' 3g° 3 - 4
2473 -1 2473.4 b. 3 p' 3P a 3d° 2 - 3
2590.4 2590.04 b. 3s 5s° - 3p 5P 2 - 3 o n
2594c 2 2493.6 b. f f ft 2 - 2 (in
2611.1 261 0c 03 b. 3s1■ V - 3 p' 3f 3 - 4
2611.42 b. f f f I 3 - 3
2614.2 2613.41 b. ft f f 2 - 3
2614.51 b. I t ft 2 - 2
2640.0 2640.56 b. 3s• V - 3p[' 3P 1 - 2
2641.07 b. f f f t 1 - 1
2678.0 2677.90 f. 3s 3s° - 3p 3p 1,1 - 2,0 (12)
2678.64 f. f t t f 1 - 1 (12)
2777.9 2777.65 b. 3s , 3d0 " 3p ■ 3d 3 - 3
2786.0 2785.29 b. f t 11 2 - 2
2786.17 b. I f t f 2 - 1
2786.89 b. t t f f 1 - 2
2799.9 2800.24 b. 3s1„ 3p0 - 3 p'• 3s 2 - 1
2823.5 2822.85 b, 3s1 3p0 - 3 p'' 3d 2 - 3
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TABLE 5 . 3 . 3  
Ne IV TRANSITIONS
R e f e r e n c e s ^  a = [De 7 0 ] ,  c = [Ka 60] , e = [Bo 63]
E x p e r im e n t  a.1 
W a v e l e n g t h  (%) T r a n s i t  i o n
[J  - J ]
R e f .
(vacuum)
191 0 . 2 1 9 1 0 . 6 4 a . 3p 4 P° - 3d 4d 5 /2 - 7 / 2
19 33o7 1 9 3 4 .1 7 a . 3 p '  2 F° - 3d ! 2 g 5 /2 - 7 / 2
1 9 3 4 . 5 a . 4n °3p D - 3d
4
F 5 /2 - 7 / 2
1 9 3 8 . 3 1 9 3 8 . 6 0 a,. I f I f 7 / 2 - 9 / 2
1939 .72 a . 3 p '  2 F°  - 3 d ' 2 g 7 / 2 - 9 / 2
1 9 8 7 . 4 1 9 8 7 . 5 8 a . 3p" '  6 P - 3d" ' 6d° 5 / 2 - 3 / 2 , 5 / 2 , 7 / 2
1 9 9 0 .7 1 9 9 1 . 1 4 a . I f 11 7 / 2 - 7 / 2 , 9 / 2
( a i r )
2 0 9 9 . 2 2099.51 a .
2
3 s  P - 3p 2 P° 3 / 2 - 3 / 2
2 2 0 4 . 0 2 2 0 3 . 8 8 c . 3 s  4 P - 3p 4 P° 5 / 2 - 5 / 2
2 2 5 8 . 3 2 2 5 8 . 0 2 e. 3 s -  6 S° - 3 P 1 6 P 5 /2 - 7 / 2
22 63 .1 2 2 6 2 . 0 8 e - I I I I 5 /2 - 5 /2
2 2 8 5 . 5 2 2 8 5 . 7 9 e. 3s  2D - 3p 2 f ° 5 /2 - 7 / 2
2293 .1 2 2 9 3 . 1 4 d. 3 s ’ 2D - 3p* 2f ° 5 /2 - 5 / 2
2 2 9 3 . 4 9 d. I I I I 3 / 2 - 5 / 2
2 3 5 2 . 3 23 52 .52 d. 3s  4 P - 3p 4d ° 3 / 2 - 5 / 2
2 3 5 8 . 0 2 3 5 7 . 9 6 d. I I I I 5 / 2 - 7 / 2
2 3 6 2 . 6 2 3 6 2 . 6 8 d. I I I I 1 / 2 - 1 / 2
2 3 6 3 . 2 8 d. 3 s  2 P - 3p 2d° 3 / 2 - 5 / 2
2 3 7 2 . 6 2 3 7 2 . 1 6 d. 3 s  4 P - 3p 4d ° 3 / 2 - 3 / 2
2 3 8 4 . 8 2 3 8 4 . 2 0 d. I f 11 3 / 2 - 1 / 2
2 3 8 4 . 9 5 do 11 11 5 / 2 - 5 / 2
2 4 0 5 . 0 2 4 0 5 .1 9 d. I I 11 5 /2 - 3 / 2
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TABLE 5 . 3 . 4  
Ne V TRANSITIONS
R e f e r e n c e s : a  = |'De 7 0 J , c = [ Ka. 6 0 ] , d = [Go 63]
E x p e r i m e n t a l  
W a v e l e n g t h  ( ^ ) T r a n s i t i o n [J - J]
(vacuum) 
1 9 7 6 . 0 T 1 9 7 5 . 6 0
R ef .  
a . 3 P 3D - 3p V 2 -  3
1 981 8 1 9 8 1 .9 6 a. f 1 11 3 - 4
( a i r )  
2 0 0 1 . 8 f 2 0 0 0 . 5 a . 3 s '  5P - 3 p ' 5P° 1 - 1
2 0 2 5 . 9 2 0 2 6 . 2 6 a . f f 11 3 , 2 - 3,1
2 0 4 0 . 5 2 0 4 1 . 2 8 a . 11 11 3 - 2
2133 .1 2 1 3 3 . 7 8 a. 3 P * 5D° - 3 d ' 5f 2 - 3
2 1 3 7 . 7 2 1 3 8 . 0 9 a. f f 11 3 - 4
2 1 4 4 . 0 2 1 4 4 . 2 8 a . 11 11 4 - 5
2 2 2 7 . 0 2 2 2 7 . 4 2 d. 3s  5P - 3p 5d ° 2 - 3
2 2 3 2 . 4 223 2.41 c . I f 11 3 - 4
2245.1 2 2 4 5 . 4 8 d. II II 2 - 2
C h a r g e  s t a t e  m e a s u r e m e n t  u n c e r t a i n .
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TABLE 5.3»5
Ne UNIDENTIFIED TRANSITIONS
References” a = [De 70], b = [Br 32], d = [Go 63], 
f = [De 69], g = [St 68]
Experiment al 
Wavelength (A)
Measured 
Charge State
Cleared-
up New
PREVIOUS WORK 
Wavelength Charge State Ref.
(vacuum)
1 822 . 1 III 1823.1 III a.
184108 III 1843.0 II + III a.
1853 o 6 III °k 1852.3 III, IV or V a.
1931.0 IV #
1 943» 2 III 1945.4 III a.
1932 o2 IV 1952.2 III a.
1985o1 IV #
(air)
2 06 5 o 1 III 2065.18 III or IV b.
2 072 o 2 2066.7 III a.
2071.0 V VI a.
2099.2 IV * 2099.34 III or IV b.
2099.59 III or IV b.
2192.8 IV •k 2192.74 III or IV b.
2273.2 III * 2273.64 III or IV b.
2306.0 IV * 2305.50 III or IV b.
2306.61 III or IV b.
2335.0 III, IV or V #
2372.6 IV 2373.21 IV d.
2413.6 IV 2413.8 III f.
(continued over)
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TABLE 5.3.5
Ne UNIDENTIFIED TRANSITIONS (cont'd)
Experimental 
Wavelength (X)
Measured 
Charge State
C1eared- 
up New
PREVIOUS WORK 
Wavelength Charge State Ref.
2442.3 III, IV or V #
2450,. 0 III, IV or V #
2462.7 IV 2462.9 III f.
2470.5 III or IV 2470.5 III f.
2477.8 IV * 2478.8 III(?) f.
2485.0 IV 2485.9 IV f.
2496.3 III or IV #
2508.3 IV 2507.08 III or IV g°
251 0.4 III + IV f.
2518.8 IV 2516.3 III + VII f.
2520.5 IV f.
2543.7 III or IV #
2568.8 VI 2569.2 VI f.
2657.0 III 2658 III f.
2765.7 III °k 2566.07 III or IV b.
2867.0 III 2866.65 III or IV b.
2866.7 III f.
2896.4 III °k 2895.05 III or IV g*
2905.4 III 2905.85 III or IV b.
2905.7 III f.
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N E O N *  
9 5 0 keV
FOCUSED LIGHT
SLITS 150/XWIDE
FWHM
PARALLEL LIGHT
SLITS I30/AW1DE
PARALLEL LIGHT
9 0 1 9 8 0  
OBSERVED WAVELENGTH (A)
F i g .  5 . 5 :  P a r t i a l  s p e c t r u m  o f  950 keV neon.  R e s u l t s  o f  Doppler
b r o a d e n i n g  r e d u c t i o n .  F u l l - w i d t h s  a t  h a l f  maximum f o r  l i n e  1981.2  
a r e :
o o o
a .  = 3 .2  A. b. = 2 .2  A. c.  = 1 .7  A.
90
♦  70 kV/cm
0  kV/cm
— 7 0  kV/cm
*0 I960
WAVELENGTH (Ä)
Fig. 5.6: Partial spectra of 950 keV neon showing Doppler shift for:
a. +70 kV/cm deflecting field;
b. 0 deflecting field;
c. -70 kV/cm deflecting field.
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CHAPTER 6
EXAMINATION OF UNIDENTIFIED LINES
6.1 INTRODUCTION
Chapter 2 contained a discussion of methods used for the 
analysis and identification of spectral lines; these include level 
scheme analysis, the use of isoelectronic sequence data, Moseley 
diagrams, the irregular doublet law, etc. As an attempt towards inter­
pretation of the transitions involved in the unidentified carbon and 
neon lines, another method was tried. This chapter describes the use 
of this method.
6.2 CALCULATION OF TRANSITIONS FROM KNOWN ENERGY LEVELS
To assist in the analysis and suggest possible identifications 
for the new lines, a computer program which calculated transitions 
between energy levels was used [Do 70]. The input to this program con­
sists of the energy levels taken from Moore [Mo 49] and Wiese et al.
[Wi 66] for neon with revisions from later papers [Ti 65, Pe 67, Bo 63, 
Go 63]. The latest tabulation for carbon energy levels [Mo 70] was 
used.
The reciprocal of the level term differences gives the 
predicted wavelength for a particular transition. Additional input 
data for the program controls the application of selection rules so 
that wavelengths for normally forbidden transitions can also be 
obtained. The program calculates the wavelength both in vacuum and in 
air using a correction factor based on the index of refraction of air.
Tables 6.1 compare the possible wavelengths as found by the 
program with the observed wavelength and experimentally measured charge
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state for some unidentified lines in carbon and aeon. The calculated 
transitions and wavelengths in this table were chosen on the basis of 
both the selection rules and a knowledge of the uncertainties in the 
energy level data»
For two terms cr^ and cr^ , the wavelength is
A =
The uncertainty in the predicted wavelength will be
dA
A
(d er. - dci2 )
On °2 )
(6 .1)
(6.2)
where der is the uncertainty in a level value»
o oWavelengths in the range 1800 A to .5300 A correspond to 
values of cr^ - cr^ between 55500 cm 1 and 18868 cm \ Uncertainties in 
the energy level data may be relatively large» Comparisons, for the 
same level, between energy level data of Moore [Mo 59] and the later 
work of Wiese et al. [Wi 66] show differences in three cases:
(2p 2°3/2  ^ 265 cm (3s 2Pi /2  ^ 26Zf cm 1 ’ and (3s 2P3/ 2 cm  ^'
Evaluation of equation (6»2) shows that large differences result from
calculations using the two different sources of data» For example, the
2 2calculated wavelength of the transition 2p ^3/2 ~ ^P ^1/2 us^n§ the
earlier (i»e, Moore) 2p ^eve  ^va-*-ue differs by 12»9 A from the
wavelength calculated using the Wiese value» It would be unrealistic
to consider a spread of wavelengths of this magnitude when attempting
to match observed wavelengths, even though experimental values are only
owithin a range of, at worst, 0.6 A.
Fortunately, in most cases, the energy level values are known
oto a few inverse centimetres. Consequently, a range of ± 1 A in the 
calculated wavelength has been used in selecting calculated transitions 
for comparison with observed wavelengths. A check of the calculated
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wavelengths against the tabulation of wavelengths for lines observed in 
this work arising from known transitions established that, in all 
cases, the correspondence was within ± 1 X. Because of uncertainty in 
relating energy levels of different multiplicities a. range of ± 2 X was 
used for comparing possible intercombination lines (AS ^ 0).
The contents of table 6.1.1 show that seven calculated wave­
lengths corresponding to electric dipole transitions compare, within 
the stated limits, with observed wavelengths. One additional comment 
can be made. The lines in the neon spectra at 1931,0 A and 1952,2 X
correspond with the calculated wavelengths for three components of the 
4 0 44p D - 5s P multipleto The remaining components were calculated to 
lie within ± 30 ^ of these lines, but after a careful search, were not 
det ect ed.
TABLE 6,1.1
CALCULATED ALLOWED TRANSITIONS
Experimental
Wavelength
Measured
Charge
Calculat ed 
Wavelength Charge Transition
(air)
2998.2 C V 2998.2 C V 6f s° - 8d s
2442.3 Ne III, IV or V 2441.9 Ne III 3pr - 3d'
2192,8 Ne IV 2192.6 Ne IV 3s 3/2 - 3p 4p3°/2
(vacuum)
1985.1 Ne IV 1985.0 Ne IV 4p V 5/2 - 5s 4p5/2
1952.2 Ne IV 1951.4 Ne IV 4p 4 0 5/2 - 5s P3/2
1953.2 Ne IV 4P V 1/2 - 5s 4P1/2
1931.0 Ne IV 1930.2 Ne IV 4P 4 0 1/2 - 5s
4p
3/2
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Because of the evidence for lines arising from intercombina­
tion transitions (AS /= 0) in neon [Ti 65] and other atoms of medium to 
high Z [Ga 62], calculations for this type of transition were included 
in table 6.1.2. Two electric dipole intercombination lines in nitrogen 
(3955.85 A and 4026.07 X) have been observed in the measurements
tabulated in table 5.1.1. The transition probability for the electric
odipole intercombination line, N 11 4026.07 A, has a value of the same 
order of magnitude as normal allowed electric dipole transitions
TABLE 6.1.2
CALCULATED FORBIDDEN TRANSITIONS
Experimental
Wavelength
Measured
Charge
Calculated 
Wavelength Charge Transition
(air)
(2466 o 6 C IV 2465.5 C IV 4p 2p°3/2 - 5p V1/2
2466.0 C IV 4p V3/2 - 5p V3/2
2465.7 C IV 4p 1/2 - 5p 1/2
2465.2 C IV 4p X/2 - 5p 3/2
2657.0 Ne III 2657.8 Ne III 3d X 3d' 3g°G5
2656.0 Ne III 3d X - 3d' 3 ^4
2543.7 Ne III or IV 2545“. 0 Ne IV 4s 4P5/2 - 4d X/2
2518.8 Ne IV 2517.1 Ne IV 3p v 3/ 2 - 3p' 2D°3/ 2
2496.3 Ne III or IV 2495.3 Ne IV 4s 4P3/2 - 4d X X
2485.0 Ne IV 2485.0 Ne IV 4s X/2 - 4d X/2
2450.0 Ne III, Iv or V 2450.0 Ne III 3d X - 3d' 3P°0
2449.8 Ne IV 3s" 6s5/2 - 3d 3/2
(vacuum)
1952.2 Ne IV 1950.7 Ne IV 4d X/2 - 5s' CMunQ
CM
1931.0 Ne IV 1931.7 Ne IV 3p" X/2 - 4s P3/2
1930.5 Ne IV 3s X/2 - 3p X/2
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(~ 10 sec )o Electric dipole intercombination lines are quite com­
monly seen in the laboratory and it 'would not be surprising to observe 
them in the beam-foil source, although no definite assignments were 
possible for the unidentified lines.
All of the listed wavelengths in tables 6.1 result from 
electric dipole and electric quadrupole transitions, no wavelengths 
corresponding to magnetic dipole transitions were found» Magnetic 
dipole transitions were considered because they have been produced in 
the laboratory» Recent work [Ma 70, Ma 71] reports their occurrence 
in the soft X-ray spectra from helium-like atoms of sulfur, silicon and 
argon produced using the beam-foil source.
Because the transition probabilities for electric quadrupole
and magnetic dipole transitions are usually very low, the likelihood of
observing lines from these transitions is small» The transition prob-
2 0 2 0ability for the Ne IV D - P electric quadrupole transition, from 
which forbidden lines have been observed in nebulae [Ti 65], has a 
value of the order of 0.1 sec , whereas the transition probabilities
8 «iof normal electric dipole transitions are of the order of 10 sec 
In general, the listed transition probabilities [Wi 66] for electric 
quadrupole and magnetic dipole transitions in neon and carbon are at 
least eight orders of magnitude less than those for electric dipole 
transitions.
The selection rules for the Zeeman effect for electric quad­
rupole and magnetic dipole radiation differ from those for electric 
dipole radiation and from one another [He 44]» An investigation of the 
Zeeman effect could provide unambiguous identification of the multi­
polarity of the observed transitions» Line splitting of approximately 
o1.5 A with a field of 37 kilogauss for magnetic dipole transitions has 
been reported [Ma 60]» The method could be employed with the beam-foil
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source if some type of Doppler broadening reduction, eg* the parallel- 
light method, were used.
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CHAPTER 7 
SUMMARY
Concerning the transverse Doppler shift method of charge 
state measurement, two main points merit mention. Firstly, it has been 
established that the present technique provides a method by which 
charge states can be measured directly» The broad line shapes which 
are characteristic of the beam-foil spectra do not preclude charge 
state determination» Even when line shapes are poor because of low 
signal-to-noise ratio charge states may still be measurable»
Secondly, when lines from different charge states overlap, 
application of an electric deflecting field can separate the components 
and permit estimates of their presence and relative intensity.
Analysis of spectra from nitrogen, carbon and neon illustrates that 
this technique can, in most cases, resolve the components» When using 
the transverse Doppler shift method a linear dependence of the ratio 
AA/A is not necessary; it is sufficient that quantization of AA/A 
occur» This is clearly illustrated in figures 4.9 and 4.10. Spatial 
separation of the beam components is not needed, so small electrode 
dimensions and relatively low voltages can be used to produce high 
uniform fields in small volumes»
It is clear that the method cannot be used to distinguish 
between transitions associated with the same ionization state, when the 
spectral lines have nearly the same wavelength» Entries in tables 5.1, 
5»2 and 5»3, where more than one transition is listed, could arise from 
any or all of the transitions. Better line widths could help decide 
the relative contributions of such, transitions. Problems concerning 
the reduction of line widths are quite distinct from the measurement of
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charge states, but a narrow width may be helpful in determining the 
charge when overlapping lines are studied.
To further investigate overlapping lines, results of measure­
ments on hydrogen, carbon and neon lines have shown that it is now 
possible to improve the resolution from beam-foil sources by reducing 
the Doppler broadening of lines by means of the parallel-light method., 
Line widths have been attained using this technique representing a 
reduction by a factor of at least five. Furthermore, for small slit 
widths, the parallel-light method increases the signal-to-noise ratio 
over the focused method. The parallel-light method is applicable, with 
suitable masking, where a short length of beam must be observed, e.g. 
in the transverse Doppler shift charge state measurements and for 
determination of short lifetimes.
The parallel-light method is very simple; previous attempts 
at Doppler broadening reduction have used special equipment. Line 
width reduction was limited by the scattering of the beam by the foil; 
this is common to all beam-foil lines observed at 90°. By observing 
the beam in an end-on configuration, it is possible to obtain 
equivalently narrow line widths. No lifetime measurements can be made 
using this configuration and it would be very difficult to perform 
charge state measurements. The end-on system has been used primarily 
when searching for new lines and measuring wavelengths in spectra.
Beam-foil spectroscopy has proved to be a prolific source of 
new spectral lines in nearly all atoms studied. No new lines were seen 
in the spectra of nitrogen but the spectra of both carbon and neon con­
tained unreported unidentified lines. In many cases charge state 
measurements could be made; only when the low signal-to-noise ratio of 
some weak lines made the Doppler shift measurements difficult, was the 
charge measurement uncertain. In addition, eight spectral lines
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previously reported as having uncertain charge state assignment have 
had the charge states unambiguously measured.
An attempt has been made to suggest identification for the 
transitions responsible for the new unidentified lines. The results of 
calculations of wavelengths from known energy levels, when compared 
with the wavelengths of the new lines in carbon and neon, showed suf­
ficiently close correspondence for the transitions to be suggested.
The calculated wavelengths included contributions from allowed and for­
bidden transitions; however, no positive identifications could be 
made,
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An
Ba
Ba
Ba
Ba
Ba
Ba
Ba
Ba
Ba
Ba
Be
Be
BFS
BFS
Bi
Bi
Bi
Bi
Bi
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